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CHAPTER 1 
General introduction 

MUSCLE CELLS AND MUSCLE CONTRACTION 
Cellular motility and cell movement in organisms as unrelated as amoebae, invertebrates and 
mammals involve interactions of myosin and actin filaments. The process of muscle 
contraction, is the most intensely studied function dependent on these interactions. In 
vertebrates, three distinct types of muscular tissues can be discerned. Smooth muscles are 
an integral part of the vascular system and found within the digestive system, and the 
uterus. The striated myocytes of the heart take care of blood transport, while the second 
class of striated muscles enables the organism to move (skeletal muscles) and breath 
(diaphragm). 
Muscle contraction is a process in which chemical energy is converted into mechanical 
energy (Gergely, 1988). The model in which actin (thin) filaments and myosin (thick) 
filaments slide along each other, driven by hydrolysis of ATP, has now been widely accepted. 
Although this hypothesis has been put forward several decades ago (Huxley and Hanson, 
1954; Huxley and Niedergerke, 1954), the precise interactions between thick and thin 
filaments remained long unclear. The experiments of Rayment et al. (1993a,b) in which the 
conformational dynamics of the myosin head, upon binding of ATP and during sliding over 
actin filaments were unraveled, meant a breakthrough in our understanding of the role of the 
actin-myosin complex during force production. 
Figure 1. Electron micrograph of human skeletal muscle. The Α-band of the sarcomere (A) is the thick 
filament containing region, while the l-bands (I) are only composed of thin filaments. The Η-band, the 
region of the Α-band without thin filaments, is not clearly visible. The Z-discs (Z) link thin filaments of 
neighboring sarcomeres. The M line is localized in the centre of the Α-band. Note the characteristic 
localization of triads and mitochondria at A/I junctions and within the l-band respectively. Bar: 0.5 μπ\. 
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Actin monomers (42 kDa), assembled into β thight helix, form the thin filaments. 
Tropomyosin and troponin are associated along the total length of the actin filaments, while 
tropomodulin is associated with the pointed ends (Fowler et al. 1993). Thick filaments 
consist of myosin molecules (520 kDa) that comprise six subunits: two heavy chains (MHC, 
220 kDa) and four light chains (MIX, 20 kDa). The rod part of the myosin molecule consists 
of a coiled coil of two MHC-o-helices, by which myosin molecules form polymers, and a head 
region to which the MLCs are attached through the globular heads of the MHCs. Although 
actin and myosin filaments can assemble spontaneously into contractile fibrils, the existence 
of the orderly structured, in register organization within myofibrils (long cylindrical structures 
consisting of repeating units, the sarcomeres; Fig. 1), would be impossible without the help 
of several accessory proteins (detailed below). Within the sarcomeres the barbed ends of the 
thin filaments and the bare zone of the thick filaments are anchored to the Z-disc and the 
M-line respectively (Fischman, 1986). 
INTERMEDIATE FILAMENTS 
Desmin, the muscle specific intermediate filament (IF) protein, is localized in the Z-disc 
region, together with a species specific set of IF associated proteins such as synemin 
(Granger and Lazarides, 1985), paranemin (Breckler and Lazarides, 1982), filamin (Gomer and 
Lazarides, 1981) and plectin (Mugurama et al., 1981). In avian muscle the desmin filaments 
appear to be co-localized with vimentin filaments (Granger end Lazarides, 1979). These IFs 
are not constituents of the contractile myofilaments, but form a network surrounding each 
myofibril, and presumably are functional in maintaining the lateral organization of myofibrils 
by cross-linking neighboring Z-discs to each other as well as to the sarcolemma. Interactions 
have also been described between IFs and nuclei, mitochondria and other organelles 
(Lazarides and Hubbard, 1976; Tokuyasu et al., 1983). Longitudinal IFs coursing parallel to 
myofibrils, and linking Z-discs of individual myofibrils, have also been observed between 
adjacent myofibrils and beneath the sarcolemma (Price and Sanger, 1982; Thornell et al., 
1983; Danto and Fischman, 1984). 
THE Z-DISC 
The main myofibrillar components of the Z-disc are actin and σ-actinin, a 100 kDa protein 
that forms dimers and contains an actin binding domain (Fig. 2). σ-Actinin forms the 
intermediate between the thin filaments of neighboring sarcomeres within the myofibril. 
Several other proteins have been localized to the Z-disc (reviewed by Small et al., 1992). 
Their function, however, remains unclear for the majority of cases. One of these proteins. 
Cap Ζ (also called ß-actinin), is thought to function as a stabilizing agent preventing 
depolymerization of actin filaments (Casella et al., 1987). Models have been presented that 
suggest the presence of structures linking adjacent thin filaments to each other (Kelly and 
Cahill, 1972; Tskhovrebova, 1991). Cap Ζ and other Z-disc proteins might be components of 
these structures. Most probably, several components that have been localized to the Z-disc 
are costamene proteins (see below) and not components of the central body of the Z-disc. 
Localization of vinculin (Terracio et al., 1990), spectrin and ankyrin (Nelson and Lazarides, 
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1984) within the Z-disc, was reported, but was suggested later to be related to invaginations 
of T-tubules (Small et al., 1992). In mammalian skeletal muscle however, T-tubules are 
localized in close proximity to the A/I junction and not in the Z-disc region (Fig. 4; 
Schmalbruch, 1965). A more likely function of these proteins might be the anchoring of IFs 
to the central body of the Z-disc. 
THE M-LINE 
In the middle of the thick filaments the М-Ііп is localized (Fig. 2). In this region the myosin 
bundles are connected to each other. The width of both, the Z-disc and the M-line varies and 
seems to be correlated to the force that is developped by the muscle fibre. Typically three or 
five major electron dense substriations called the M-bridges, are observed at the 
ultrastructural level. The central three M-bridges are thought to be interlinked by M-filaments. 
In their turn, these M-filaments are interlinked by secondary M-bridges (Small et al., 1992). 
The composition of these M-line structures is not known in detail. Creatine kinase MM has 
been shown to be a structural component of one of the M-bridges (M4-M4', Strahler et al., 
1983). Other components of the M-line are M-protein (165 kDa, Grove et al., 1985), thought 
to constitute the M-filaments (Strahier et al., 1983), myomesin (185 kDa, Grove et al., 
1984), a 190 kDa protein (Vinkemeier et al., 1993) and skelemin (195 kDa, Price, 1987). 
Myomesin is thought to be an integral part of the M-band (Carlsson, 1990) and to ensheath 
the rods of the myosin molecules in the bare zone (the zone without myosin heads) of the 
thick filaments (Bâhler et al. 1985c). Vinkemeier et al. (1993) suggested that both M-protein 
and the 190 kDa protein traverse the M-line and form an on stagger arrangement in the 
center of the M-line, comparable to the arrangement of myosin molecules in this part of the 
thick filament (Offer, 1987). Skelemin probably forms the M-line counterpart of the desmin 
network in the Z-disc region. It might link thick filaments to longitudinally oriented desmin 
filaments. This protein contains in addition to IF-like domains, that could interact with desmin 
filaments, also fibronectin type ll-like and immunoglobulin superfamily C2 motifs (Price and 
Gomer, 1993). The latter two motifs (also called motif I and motif II, respectively) are present 
in most, if not all, myosin binding proteins, including M-protein (Noguchi et al. 1992; 
Vinkemeier et el., 1993), the 190 kDa protein (Vinkemeier et el., 1993), C-protein (Fürst et 
al., 1992) and titin (Labeit et al., 1990, 1992), and are therefore thought to be thick 
filament-association regions. 
TITIN 
Two of the M-line proteins, M-protein and the 190 kDa protein are titin-associated proteins 
and as such, link the С-terminal end of this giant protein to the M-line (Fig. 2; Vinkemeier 
et al., 1993). Titins, also called connectons, in fact represent a family of 2400-3000 kDa, 
striated muscle-specific isoproteins (Maruyama et al., 1984). The proteins extend from the 
M-line to the Z-disc, thus spanning half the sarcomere as was demonstrated wi th a panel of 
epitope specific antibodies (Fürst et al., 1988,1989). 
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С protein 
binding site 
Figure 2. Protein organization in the striated muscle sarcomere. 
At the level of the Z-disc, o-actinin links the thin filaments of two adjacent l-bands, assisted by several 
thin filament linking proteins (TFLP). At the level of the M-line, thick filaments are linked by M bridges 
(M6-M4-M1-M4'-M6'). M bridges are interconnected by M filaments (Mf), while secondary M IsM) 
bridges link M filaments. The central and bottom parts of the figure depict the proposed interactions of 
the repeating domains of nebulin and titin (see text) with thin and thick filaments respectively. TMF: 
thick myosin filament; TFLP: thin filament linking proteins. Adapted from Kelly and Cahill (1972; upper 
left); Small et al. (1992; upper right and middle) and Trinick (1992; lower left). 
The C-terminus at the M-line only contains class II motifs. Furthermore, unique interdomain 
sequences are present in the tit in molecule, including a domain with homologies to 
serine/threonine kinases (Labeit et al., 1992) and a domain with several repeated 
lysine-serine-proline (KSP) sequences (Gautel et al., 1993) that are possible substrates for the 
titin kinase. Phosphorylation of these KSP sequences might play a role in the regulation of 
tit in interactions wi th other M-line proteins (Gautel et al., 1993). 
The A-band region of tit in consists almost entirely of class I and class II motifs, that are 
arranged in superrepeats. Fürst et al. (1989) demonstrated that specific epitopes recognized 
by particular antibodies within these superrepeats coincide wi th the sarcomeric localization of 
the thick filament binding proteins C-protein and a 86 kDa protein (Bähler et al., 1985a,b), 
indicating an involvement of titin in the organization of thick filament assembly. Indeed, the 
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A-band domain of titin was shown to interact with C-protein and the rod domain of the 
myosin molecule (Labeit et al., 1992). Interestingly, both the spacing between two C-protein 
sites and the length of the titin superrepeat, match the length of three helix repeats of the 
thick filament (Fig. 2). Therefore, it was concluded that titin might regulate thick filament 
length and maintain the alignment of thick filaments (Horwits and Podolsky, 1987). 
Information about the l-band and Z-disc fragments of titin is scarce. A relatively small part of 
the cDNA encoding the l-band region of titin has been sequenced, and demonstrated the 
presence of motif II and motif ll-like repeats. Furthermore, regions with homologies to 
desmoplakin, neurofilaments, calpastatin and calsequestnn have been identified (Maruyama 
et al., 1993). Epitope studies with antibodies specific for the l-band region of titin revealed 
that the distance between the epitopes and the Z-disc varies upon muscle contraction or 
stretching (Fürst et al., 1968; Ito et al., 1988). It was concluded that this part of the titin 
molecule is extensible and contributes to muscle elastic recoil. Whether titin is anchored to 
the Z-disc via direct binding to o-actinin is currently unclear. While Nave et al. (1990) and 
Soteriou et al. (1993) failed to demonstrate binding of titin to o-actinin, Wang and Jang 
(1992) showed that titin binds o-actinin in solid phase binding assays. The significance of the 
observed actin-binding properties of titin (Soteriou et al., 1993) is also unknown. 
Possible roles of titin during myogenesis and the assembly of the myofibril will be described 
below. 
NEBULIN 
Nebulms comprise a second family of very large, 600-900 kDa sarcomeric proteins. Unlike 
titin, nebulin is exclusively expressed in skeletal muscles and not in the heart. Antibodies 
directed against different epitopes of the proteins, reveal that nebulin probably spans the 
whole length of the thin filament (Pierobon-Bormioli et al., 1989; Kruger et al., 1991). Upon 
stretching or contraction of the myofibril, the epitopes show a fixed distance to the Z-disc, 
indicating that nebulin is not extensible and is associated with the thin filaments. Nebulin 
fragments expressed from cloned cDNAs were shown not to bind the thin filament associated 
proteins tropomyosin or troponin, as was predicted by Labeit et al. (1991), but to actin (Jin 
and Wang, 1991a,b). Sequencing studies revealed that nebulin is mainly constituted of 
unique segments, each consisting of 7 repeat-motifs (Jin and Wang, 1991b). From these data 
an ff-helical structure of the nebulin molecule was predicted, while its repeats correspond to 
the periodicity within the thin filaments (Fig. 2; Labeit et al., 1991; Jin and Wang, 1991a). It 
was suggested that nebulin acts as a template for thin filament assembly and/or as a 
stabilizer of thin filaments (Jin and Wang, 1991a; Tnnick, 1992; Chen et al., 1993). The 
C-terminal end of nebulin contains an SH3-like domain, that occurs in several cytoskeletal 
proteins and some proteins that locate close to the cellular cortex. This domain might 
function in anchoring nebulin to the Z-disc (Wright et al., 1993). In vitro evidence for an 
interaction of nebulin with σ-actinin, the main component of the Z-disc, was provided by 
Nave et al. (1990). The observed in vitro interaction of nebulin with thick filaments and 
C-protein (Jin and Wang, 1991b) are indications that nebulin might have yet other functions. 
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THE SARCOLEMMA: PLASMALEMMA AND BASEMENT MEMBRANE 
Each muscle fibre is ensheated by the sarcolemma that separates the fibre from the 
extracellular environment (Fig. 3). The innermost layer of the sarcolemma is the plasma 
membrane or plasmalemma, a lipid bilayer with several transmembrane proteins that enable 
force transduction (see below) and transport of e.g. ions, important for initiation, propagation 
and regulation of excitation, amino acids and glucose. The muscle fibre plasmalemma shows 
besides numerous small invaginations, the caveolae, whose precise function is currently 
unknown, also other extensions into the interior of the fibre. In skeletal muscle fibres these 
extensions, the T-tubuli, form together with the terminal cisternae of the sarcoplasmic 
reticulum, the so-called triads, that are localized at the level of the A/I junction (Figs 1,4). 
These structures play an important role in excitation/contraction coupling by regulating 
transport and storage of Ca2* ions (lies, 1994). The plasma membrane is separated from the 
basement membrane by a narrow layer comparable to the glycocalyx, the carbohydrate-rich 
peripheral zone on the surface of most other eucaryotic cells. The basement membrane itself 
is composed of the lamina lucida and the lamina densa, together forming the basal lamina 
(BL), and the lamina fibroreticularis (for nomenclature see Laurie and Leblond, 1985), the 
outermost component of the sarcolemma that is continuous with the endomysial connective 
tissue (Schmalbruch, 1985; Dubowitz, 1985; Sanes, 1986; Cullen and Landon, 1988). The 
BL is mainly composed of one or more of the several isoforms of collagen type IV and 
laminin, entactin (or nidogen) and proteoglycans (Sanes et al., 1982, 1990; Timple et al., 
1983; Paulsson, 1992), while fibronectin, the fibrillar type III and V collagene, and several 
proteoglycans are the main components of the lamina fibroreticularis (Foidart et al., 1980, 
1981 ; Bender et al., 1981; Bertolotto et al., 1983). Within the BL, collagen IV molecules 
consisting of three 180 kDa subunit polypeptide chains, form a network that provides a 
scaffold for other BL constituents. Laminin, that also consists of three polypeptide chains, 
interacts with entactin, and this complex binds to collagen IV, most probably via the entactin 
collagen fibrils 
basement membrane — 
extracellular 
basal lamina 
intracellular 
lamina fibroreticularis 
lamina densa 
lamina lucida 
glycocalyx 
plasmalemma 
Figure 3. Architecture of the sarcolemma, the muscle fibre surface. 
Each muscle fibre is surrounded by the sarcolemma, a tube consisting of the plasma membrane, 
glycocalyx and basement membrane. The latter comprises the lamina rara (or lamina lucida) and lamina 
densa of the BL, and the lamina fibroreticularis (also called reticular layer or reticular lamina). Adapted 
from Sanes (1986). 
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moiety. Proteoglycans, predominantly heparan sulfate proteoglycans, were shown to bind 
both laminin and collagen IV. Complex models of the resulting supramolecular structure have 
been presented by Yurchenco and Schittny (1990). Interactions of BL components with 
transmembrane or membrane associated proteins will be described below. In contrast to the 
constituents of the BL, the proteins of the lamina fibroreticularis are synthesized by 
fibroblasts and endothelial cells and not by the muscle fibre. The basement membrane 
functions as a diffusion barrier for macromolecules (Oldfors and Fardeau, 1983) and as a 
supporting structure, especially during regenerative processes. Furthermore, it might play a 
role in coordination of muscle contraction and force transmission by anchoring individual 
muscle fibres to each other (Schmallbruch, 1985; Van der Ven et al., 1991). 
Figure 4. Architecture of the skeletal muscle fibre. 
The majority of a muscle fibre is occupied by myofibrils, each of which is ensheated by the 
sarcoplasmic reticulum (SR). Near each A/I junction, terminal cisternas of the SR form together with 
invaginations of the plasmalemma (the T-tubules) the triads. The costameres, that are localized 
underneath the plasmalemma at the level of the Z-discs, and the costamere-like subplasmalemmal 
densities at the level of the M-lines are not shown. Adapted from Burkitt et al. (1993). 
15 
CONNECTIVE TISSUE 
The connective tissue of skeletal muscles is arranged in three sheets. A whole muscle is 
surrounded by the pi m y si urn, with the fibrillar collagen type I as its main component. Groups 
of muscle fibres are bundled into fascicles by the perimysium. The main fibrillar component of 
this layer that contains nerve branches, blood vessels, muscle spindles and fat cells, is 
collagen type III. Each individual fibre is surrounded by the endomysium, that contains 
capillaries, nerve branches, fibroblasts, mast cells and macrophages. The endomysium does 
contain collagene type I and III, but in comparison with the perimysium and epimysium, these 
constituents occur in considerably lower concentrations. Fibronectin, proteoglycans and 
glycosaminoglycans are found in all these sheaths. The microfibril-forming collagen type VI 
was also reported to be a constituent of all connective tissue layers in skeletal muscle (Hessle 
and Eng vail, 1984). At least one of the three collagen type VI chains contains several copies 
of the integrm-binding arginme-glycine-aspartic acid (RGD) sequence (Ibrahimi et al., 1993). 
All components together function in anchoring the fibrillar endomysium, and thus indirectly 
also the sarcomeres (see below), to the inner tendon sheath that surrounds the tendon 
collagen type I fibre bundles. 
STRUCTURES TRANSMITTING FORCE 
I. COSTAMERES 
At the levels of the Z-discs and M-lines, myofibrils are laterally connected to the sarcolemma 
in order to transmit force of sarcomere contraction to the extracellular matrix (ECM; 
Pierobon-Bormioli, 1981). The existence of such a system was already predicted (Street and 
Ramsey, 1965) long before electron microscopic evidence was provided that certain 
filaments not only attach myofibrils to the sarcolemma, but also link the sarcolemma to the 
ECM (Street, 1983). At the level of the Z-disc costameres are localized that encircle the 
myofibre as two rows flanking the Z-disc (Pardo et al., 1983) These structures were shown 
to contain vinculin (Pardo et al., 1983; Terracio et al., 1990), talin (Tidball et al., 1986), 
spectrin, desmin and smooth muscle κ-actin (Craig and Pardo, 1983), ankyrin (Nelson and 
Lazandes, 1984), vimentin (Cripe et al., 1993), clathrin (Kaufman et al., 1990), integrine 
(Bozycko et al., 1989), and dystrophin (Minetti et al., 1992). It should be noted that some of 
these components are only found in developing skeletal muscle, cardiac muscle, or avian 
muscles. The precise organization of the costameres and the nature of the filaments that link 
the proteins of the Z-disc region to the sarcolemma are currently unclear. Considering the 
presence of actm-binding proteins in costameres, these filaments might be microfilaments. 
The observation that desmin binds to ankyrin (Georgeatos et al., 1987) and spectrin (Langley 
and Cohen, 1986) indicates that IFs may provide this link. As an alternative, a structural 
association between desmin and dystrophin in striated muscle was suggested (Prelle et al., 
1992). This suggestion was based on the observation that desmin was accumulated together 
with dystrophin in skeletal muscle fibres of a patient with congenital myopathy. 
Physiological evidence for the idea that force is transmitted to the ECM was provided by 
Street (1983). The mechanism of this transmission and the proteins involved remain 
unknown, however. It was demonstrated that collagene can interact with the surface of 
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cardiac muscle cells at the level of the Z-disc (Borg and Terreció, 1989) and that specific 
integrine that colocalize with vinculin in costameres mediate this attachment (Terracio et al., 
1989). Danowski et al. (1992) confirmed this interaction and hypothesized that specific 
constituents of costameres anchor myofibrils to the sarcolemma, while others form the 
linkage to the ECM (Fig. 5). 
Lateral interactions between myofibrils and costamere-like subsarcolemmal densities 
containing spectrin, vinculin and dystrophin (Minetti et al., 1992; Porter et al., 1992) were 
also observed at the level of the M-line (Pierobon-Bormioli, 1981; Nelson and Lazarides, 
1984). It was suggested that skelemin, e protein with IF-like motifs, links myosin filaments to 
the trensversly oriented IFs that are associated with the sarcolemma (Wang and 
Ramirez-Mitchell, 1983; Price, 1987; Price and Gomer, 1993). 
Figure 5. Interactions of cytoskeletal, transmembrane and ECM proteins in striated muscle. Presented 
is a simplified, schematic model of protein interactions in for example costameres and myotendinous 
junctions. The N-terminus of dystrophin (N) binds F-actin, while its C-terminus (C) binds the 59 kDa 
subunit of the dystrophin associated protein complex (DAPC). Dystrophin might also be directly 
associated to the 43 kDa subunit, integrin and talin (see text). The molecular weights of the DAPC 
components are indicated. The highly glycosylated 156 kDa DAP associates with laminin, one of the 
constituents of the ECM. Different isoforms of integrin are also linked to laminin or other ECM 
components such as collagene and fibronectin. 
II. DYSTROPHIN AND ASSOCIATED PROTEINS 
An interaction of the intracellular subsarcolemmal cytoskeleton with the ECM is also provided 
by dystrophin and the dystrophin associated proteins (DAPs) (Fig. 5; Campbell and Kahl, 
1989; Yoshida and Ozawa, 1990; Ervasti and Campbell, 1991). Dystrophin is the product of 
the gene that was identified as the Duchenne and Becker muscular dystrophy gene by 
reverse genetics (Monaco et al., 1986; Koenig et al., 1987). Dystrophin is a 3685 amino 
acids long protein, with a putative actin binding N-terminbl domain, a central rod-shaped 
triple-helical domain, a cysteine rich domain and a C-terminal domain (Koenig et al., 1988). 
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With exception of this C-terminal domain, that is thought to associate dystrophin with the 
cell membrane, all domains show homologies to σ-actinin and/or spectrin. With the use of 
anti-peptide antibodies, dystrophin was localized to the sarcolemma of skeletal, cardiac and 
smooth muscle cells (Zubrzycka-Gaarn et al., 1988; Arahata et al., 1988; Watkins et al., 
1988), which was confirmed by cell-fractionation studies (Salviati et al., 1989). A model was 
presented in which antiparallel dimers of dystrophin form a subsarcolemmal network (Koenig 
and Kunkel, 1990). The N-terminus of dystrophin is thought to bind actin filaments, while its 
C-terminus was shown to associate with the DAP-complex (DAPC, Campbell and Kahl, 1989; 
Yoshida and Ozawa, 1990; Ervasti and Campbell, 1991). The DAPC consists of at least six 
subunits, four of which are transmembrane proteins, the 35 kDa, 4 3 kOa (dystroglycan-Q) 
and 50 kOa (adhalin) glycoproteins, and a 25 kDa protein. Dystroglycan-ß is probably the 
component that binds dystrophin (Suzuki et al., 1994). The heavily glycosylated extracellular 
156 kDa dystroglycan-σ, that is derived by posttranslational processing from the same 
precursor protein as 43 kDa DAP (Ibraghimov-Beskrovnaya et al., 1992), was shown to bind 
all transmembrane proteins of the DAPC as well as and the basement membrane constituent 
laminin. Intracellular^, the 59 kDa DAP (syntrophin) binds not only directly the C-terminal 
portion of dystrophin, but also actin, thus provinding a link between the cytoskeleton and the 
ECM (Ervasti and Campbell, 1993; Suzuki et al., 1994). Associations of dystrophin with 
other proteins at the level of costameres are still under investigation. Interactions with 
integrine have been suggested, but not proven (Otey et al., 1990). The high-affinity in vitro 
binding of dystrophin to talin (Senter et al., 1993) suggests a role for dystrophin In 
sarcomere-membrane contact. 
III. THEMYOTENDINOUS JUNCTION 
Interactions between intracellular and extracellular structural components also occur at 
myotendinous junctions (MTJs). In this contact site between the end of the muscle fibre end 
the collagen fibrils of the tendon, the fibre membrane is highly invaginated by the formation 
of finger-like processes. The crypts and folds that are formed in this way, provide an 
amplification of surface area across which tension is transmitted (Tidball, 1991). 
Ultrastructural studies revealed that in MTJs thin filaments, protruding from the terminal 
Z-disc are inserted into an electron-dense intracellular layer, the internal lamina. This layer is 
linked to the lamina densa of the BL via connecting filaments that cross the lamina lucida. 
The fibrils of the tendon insert at the lamina densa. In this construction the lipid bilayer of the 
plasmalemma is not essential for force transmission (Trotter et al., 1981). 
Immunocytochemical studies revealed that the same proteins that are thought to link 
filaments to the sarcolemma in costameres are constituents of the internal lamina (Fig. 5). 
The presence of vinculin (Shear and Bloch, 1985), talin (Tidball et al., 1986), paxillin (Turner 
et al., 1991), the smooth muscle isoforms of actin and σ-actinin (Atsuta et al., 1993), as well 
as integrins (Bozyczko et al., 1989) has been demonstrated. Dystrophin with associated 
proteins (Samitt and Bonilla, 1990) and utrophin (dystrophin related protein; Pons et al., 
1 9 9 1 ; Ohlendieck et al., 1 9 9 1 ; Khurana et al., 1991) have also been localized at MTJs. The 
interaction of the cytoskeleton with the ECM seems to be provided by the binding of 
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dystrophin/DAPC to laminin (Ervasti and Campbell, 1993), and by the association of different 
integrins to fibronectin (Horwitz at al., 1985), tanascin (Bourdon and Rouslahti, 1989) and 
heparan sulfate proteoglycans (HSPGs; Swasdison and Ma y ne, (1989). Fibronectin in its turn, 
is a strong ligand for collagen type I, the main component of tendon fibrils (Engvall and 
Ruoslahti, 1987). The actin-vinculin-talin-integrin-fibronectin-collagan type I link is probably 
the main force transmitting chain at the MT J interface, while the function of the 
actin-dystrophin-DAPC-laminin chain lies in the lateral association of microfilaments to the 
plasmalemma (Tidball and Law, 1 9 9 1 ; Law and Tidball, 1993). 
A further prominent component of MTJs is desmin (Tidball, 1992), that is not localizad 
within the electron dense material immediately subjacent to the plasmalemma, but in the 
cores of the muscle fibre processes. As for costameres, the identity of the proteins that 
might provide the possible link between desmin filaments and the plasmalemma is unknown. 
Several additional structural proteins, such as myonaxin, a fibronectin-binding protein 
associated with the plasmalemma (Tidball, 1990), mAb 3B6 antigen (Connor et al., 1991) 
and mAb 3G2 antigen (Astrow et al., 1992), all with unknown function, are also localizad at 
the MT J. 
THE NEUROMUSCULAR JUNCTION 
Neuromuscular junctions (NMJs) are the sites were motor axons contact muscle fibres 
(Fig. 6A). in brief, neuromuscular transmission starts with the synthesis of acetylcholine 
(ACh) in the axon terminus, and the release of ACh in the synaptic cleft. At the NMJ the 
muscle fibre membrane contains high concentrations of ACh-receptors (AChRs), that form an 
ion channel upon binding of ACh. The generated depolarisation results in a muscle fibre 
action potential upon activation of voltage dependent Na*-channels (Slater and Harris, 1988). 
The axon terminus, that is capped by a synapse-associated Schwann cell, and the muscle 
fibre, together form a highly specialized structure, in which several domains are discerned. 
The (presynaptic) axon terminal membrane, is less well studied when compared to the muscle 
fibre (postsynaptic) region, but was shown to contains Ca2+-channels, σ-latrotoxin receptors 
and syntaxin, a putative docking protein (reviewed by Hall and Sanas, 1993). These proteins 
are associated with subplasmalemmal dense patches, the active zones, where the majority of 
ACh is released. The BL that ensheaths the muscle fibre, fuses with the BL of tha Schwann 
cell surrounding the branched axon terminal, and forms the synaptic BL that traverses the 
synaptic cleft. The postsynaptic membrane shows BL-containing folds exactly opposed to the 
positions of the active sites of the presynaptic membrane (Slater and Harris, 1988). In the 
membrane of the crests of these folds, AChRs are localized, while in the throughs 
Na*-channels and integrins with their associated proteins are found. AChR-clusters ara 
associated with a subplasmalemmal framework that is absent from the throughs of the folds. 
This postsynaptic density serves to avoid lateral diffusion of AChRs (Phillips and Merlie, 
1992). The NMJ-specific, actin-binding 43k protein is directly associated with AChRs and 
probably anchors, assisted by a 87 kDa dystrophin homologue (Carr et al., 1989; Wagner et 
al., 1993), these receptors to the subplasmalemmal cytoskeleton containing a unique isoform 
of ß-spectrin and non-myofibrillar actin (reviewed by Phillips and Marlie, 1992). The 43k 
19 
protein probably plays a role comparable to that of ankyrin in the erythrocyte. Ankyrin is, like 
dystrophin, concentrated in the depths of the folds (Flucher and Daniels, 1989). Two 
functionally different junctional fold-domains can be discerned: the crests that enable 
synaptic transmission via the AChR-cytoskeletal complex, and the throughs, with plaques of 
Figure 6. The neuromuscular junction. 
A. Cellular and subcellular components. GC: glia cell; SV: synaptic vescicles; M: mitochondria; JF: 
junctional folds; BL: basal lamina; PD: postsynaptical density; SDM: (plaques of) submembrane dense 
material; MF: myofibrils; N: nucleus. 
B.C. Models of the interactions between dystrophin/utrophin, the transmembrane dystrophin 
associated protein complex and BL components in the bottom IB) and the crests (C) of the junctional 
folds. In extrasynaptical regions of the muscle fibre interactions are as depicted in B. DGo: 
dystroglycan-o; DAPC: dystrophin associated protein complex; DYS: dystrophin; MER: merosin; AGR: 
agrin; LAM: laminin; AChRs: acetylcholine receptors; UTR: utrophin; 43: 43k protein. Adapted from 
Lentz (1971; A) and Matsumura and Campbell (1994; B,C). 
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submembrane dense material that probably play a more supportive role. Although the NMJ is 
not a force-transducing structure, most proteins found in costameres and MTJs, such as 
vinculin, talin, paxillin, σ-actinin, integnns and dystrophin, are also found in these plaques (for 
references see Hall and Sanes, 1993). The fact that Na'-channels are localized in this region 
suggests that these cytoskeletal proteins play a role in anchoring of these channels to the 
plasmalemma (Flucher and Daniels, 1989). 
Although dystrophin is excluded from the crests of the postsynaptic folds, a 58 kDa protein 
that was shown to be localized in the postsynaptic density was identified as syntrophin, the 
intracellular subunit of the DAPC. In this synaptic region dystrophin is substituted by 
utrophm. 
The synaptic BL-constituents are in several cases specific for the NMJ. For example, 
special forms of collagen IV and laminin (Sanes et al., 1990), HSPG (Anderson and 
Fambrough, 1983) and probably also entactin (Chiù and Ko, 1994) are present. Further 
prominent components are AChE, that neutralizes ACh released from AChRs, and neurally 
derived agrin (Magill-Solc and McMahan, 1990). Many of these proteins contain the tripeptide 
sequence leucme-arginine-glutamate (LRE) that was shown to inhibit neunte outgrowth and to 
promote neural differentiation (Hunter et al., 1989). Agrin, that is possibly tethered to the BL 
by an interaction with entactin (Nastuk and Fallon, 1993), promotes clustering of AChRs and 
associated subplasmalemmal proteins (reviewed by Ferns and Hall, 1992; Nastuk and Fallon, 
1993). The agrin receptor(s) on the muscle fibre surface remained undetected, until the 
observation was made that the С-terminal domain of agrin, that shows homology to the 
dystroglycan-o-binding domain of laminin A, binds dystroglycan-σ (Gee et al., 1994; 
Campanelli et al, 1994). In this way in the crests of the junctional folds the extrasynaptic 
actin-dystrophin-DAPC-lamimn-chain is substituted by actin-utrophin-DAPC-agrin (Figs 6A,B). 
Additional synaptic proteins are listed in a review by Hall and Sanes (1993). 
STRUCTURAL PROTEINS, MYOGENESIS AND MYOFIBRILLOGENESIS 
During skeletal muscle development mononuclear cells of mesodermal origin are withdrawn 
from the cell cycle, stop to synthesize DNA and fuse to form multinucleated myotubes 
(Fischman, 1986 and references therein). This process is accompagmed by the onset of the 
synthesis of several muscle specific proteins under control of different members of the MyoD 
gene family (reviewed by Wemtraub, 1993). For example, a dramatic change in IF 
protein-expression during myofibnllogenesis was observed by several authors in vivo as well 
as in cultured differentiating myoblasts. While vimentin expression levels decrease during 
subsequent steps of muscle fibre differentiation, the amount of desmin increases. In 
immature muscle fibres the IF proteins are co-localized in dispersed or longitudinal filaments, 
but mature muscle fibres have lost vimentin expression (Bennett et al., 1979; Tokuyasu et 
al., 1984; Fischman, 1986; Hill et al., 1986; Schaart et al , 1989; Van der Ven et al., 1992). 
The translocation of desmin to a transverse orientation at the level of the Z-disc during 
terminal stages of myofibnllogenesis, more or less coincides with the assembly and alignment 
of myofibrils, and it was suggested that desmin filaments play an important, active role in 
these processes (Gard and Lazandes, 1980, Lazandes et al , 1982; Vater et al., 1992). Other 
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studies, however, describe that in vivo as well as in vitro the transverse desmin distribution is 
preceded by myofibril assembly and alignment (Hill et al., 1986; Fürst et al., 1989; Schaart 
et al., 1989; Van der Ven et al., 1993), while in cultured muscle cells expressing truncated 
forms of desmin, that induce a collapse of the IF-network, myofibrillogenesis and alignment 
of myofibrils are not disturbed (Schultheiss et al., 1991). This suggests a passive role of 
desmin in these processes. Elucidation of the possible functions of this protein in 
myofibrillogenesis will probably have to await the introduction of null mutations of the desmin 
gene into the germline of mice. 
One of the functions of IF possibly may concern the transport of perinuclearly synthesized, 
aggregated titin molecules to non-striated bundles of non-muscle contractile protein isoforms, 
the stress fibre-like structures (SFLS), that are localized beneath the sarcolemma (Van der 
Ven et al., 1993). Titin is the first myofibrillar protein that is expressed in differentiating 
muscle cells (Fürst et al., 1989; Schaart et al., 1989; Van der Ven et al., 1992). Immediately 
following synthesis the titin molecules are linked to the cytoskeleton (Isaacs et al., 1989; 
Colley et al., 1990), most probably to IF (Van der Ven et al., 1993), and appear as randomly 
localized spots (Tokuyasu et al., 1987a; Schaart et al., 1989; Van der Ven et al., 1992). 
Although the order of subsequent steps in myofibrillogenesis varies between different species 
(Van der Loop et al., 1992), the overall pattern is similar (reviewed by Fulton and Isaacs, 
1991). Upon binding to SFLS, described to act as transient assembly sites for nascent 
myofibrils (Olugosz et al., 1984), the localization of l-band epitopes of titin changes from an 
irregular to a periodic array, upon which titin associates with σ-actinin (Tokuyasu et al., 
1987b; Handel et al., 1989). Other epitopes of titin do not reveal periodicities, indicating that 
Α-band and M-line protein binding sites on the titin molecules are not yet integrated into the 
nascent sarcomeres (Fürst et al., 1989). Unwinding of the aggregated titin molecules might 
gradually expose these sites during subsequent stages in myofibrillogenesis (Van der Ven et 
al., 1993). Together with the dephosphorylation of KSP repeats in the M-line region of titin 
occurring during muscle cell differentiation (Gautel et al., 1993), the unwinding process might 
regulate the interactions between titin and Α-band and M-line components, in order to avoid 
premature association of titin with sarcomeric proteins, and help organize the supramolecular 
assembly of myofibrils. The titin molecule with its superrepeats of type I and type II motifs is 
thought to regulate thick filament length and the exact position of Α-band proteins like 
C-protein (Labeit et al., 1992). Whether nebulin plays a role of importance in the assembly of 
thin filaments is questionable, considering that nebulin is one of the last molecules to be 
integrated into the skeletal muscle sarcomere (Fürst et al., 1989; Van der Ven et al., 1993), 
and considering the absence of nebulin and nebulin-like proteins in cardiac muscle. 
STRUCTURAL PROTEINS IN NEUROMUSCULAR DISORDERS 
In humans defects in genes that encode structural proteins of skeletal muscle are rare. 
Abnormal distribution and expression patterns are therefore often considered aspecific and 
secondary. Most disarrays of the architecture of the muscle fibre, such as Z-disc streaming 
and target fibres are, at low incidence, also observed in normal muscle and no distinct 
indicator of generalized muscle pathology. Structural abnormalities that are characteristic for 
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a specific muscle disease are, however, found in several congenital myopathies (see also 
chapter 3). In central core disease (CCD) muscle fibres contain a central cylinder with 
disarrayed or (hyper)contracted sarcomeres. CCD is associated with a mutation in the a gene 
encoding the ryanodine receptor, the skeletal muscle Ca2* release channel (Zhang et al., 
1993), which is not considered a structural protein. Fananapazir et al. (1993) showed that 
the same phenotype, associated with cardiomyopathy, was caused by a mutation in the 
ß-myosin heavy chain. In nemaline myopathy (NM) rod shaped Z-disc-derived structures 
occur in the muscle fibres (Shy et al., 1963; Conen et al., 1963), that were shown to contain 
o-actinin and actin (Jockusch et al., 1980; Yamaguchi et al., 1982). The autosomal dominant 
form of NM has been assigned to the region of chromosome 1 where e muscle specific 
o-actinin gene is located (Laing et al., 1992). Interestingly, the introduction of truncated 
o-actinin cDNAs in myotubes was found to induce NM-like abnormalities (Schultheiss et al., 
1992). 
In a number of hereditary and non-heriditary myopathies accumulations of IF have been 
observed (Thornell et al., 1983; Goebel and Bornemann, 1993; Bornemann and Schmalbruch, 
1993). In some cases these IF have been identified as vimentin filaments (Van der Ven et al., 
1991). In a large majority, however, desmin was found to be accumulated, often in 
intermyofibrillar or subsarcolemmal deposits together with other proteins such as actin 
(Schröder et al., 1990), ubiquitin (Vajsar et al., 1993) o-B crystallin (Goebel et al., 1992) or 
dystrophin (Prelle et al., 1992). The term desminopathies has been put forward to describe 
these myopathies (Goebel and Bornemann, 1993). The alterations in IF-organization may be 
associated with or even caused by an increased or decreased phosphorylation of the 
filaments (Rappaport et al., 1988). Although several familial myopathies characterized by an 
accumulation of desmin IF have been described, the genetic mutations responsible for these 
disorders have so far not been identified. Increased expression of ECM proteins is considered 
a non-specific indicator of a neuromuscular disorder. Dramatic accumulations of fibronectin 
and collagen types I, III and VI have been observed in muscles from patients with varying 
muscle diseases (Bertolotto et al., 1983; Fitzsimons and Sewry, 1985; Hantaï et al., 1985). 
In spite of the non-specific character of this abnormality, it might contribute substantially to 
the clinical severity of a disease (Cazzato, 1968). Distinct increase of the immunoreactivity of 
BL components laminin and collagen type IV seems to occur less frequently. With exception 
of an increased deposit around atrophic fibres, most pathologic muscle shows a normal 
laminin and collagen type IV distribution (Bertolotto et al., 1983; Hantaï et al., 1985). In 
severe stages of congenital myopathies, however, an obvious and general overexpression of 
BL components is observed (see chapter 3 of this thesis). In a case of centronuclear 
myopathy this phenomenon was shown to be associated with a reduplication of the 
basement membrane (Van der Ven et al., 1991). 
The fact that abnormalities in the expression levels of ECM proteins are largely secondary, 
is illustrated by the observation that in Duchenne muscular dystrophy (DMD) the increase in 
expression levels of ECM-proteins is prominent. DMD, like Becker muscular dystrophy (BMD), 
is caused by a mutation in the gene encoding dystrophin. The clinical severity of the 
dystrophin gene-linked diseases is dependent on the region containing the mutation. 
23 
Mutations in the C-terminal domain, that provide the link to the ECM via its association with 
the DAPC, result in the most severe phenotypes (Beggs et al., 1991), indicating the 
importance of dystrophin-DAPC-laminin interactions. Interestingly, deficiency of adhalin 
(60 kDa DAP) was reported in severe childhood autosomal recessive muscular dystrophy 
(SCARMD), a myopathy with a DMD-like phenotype (Matsumura et al., 1992), and in a 
cardiomyopathic hamster strain (Roberds et al., 1993). In Fukuyama-type congenital muscular 
dystrophy (FCMD), classified as a specific type of congenital muscular dystrophy (CMD), 
frequently occurring in Japan, reduced expression of dystroglycan-ß has been demonstrated 
(Matsumura et al., 1993; Matsumura and Campbell, 1994). This phenomenon is accompanied 
by a significant reduction of merosin (laminin M), a striated muscle and peripheral nerve 
specific isoform of laminin (Hayashi et al., 1993). Both, the dystroglycan-ß and merosin gene 
are considered as candidate ganas for FCMD. Absence of merosin, and not of adhalin, was 
demonstrated in patients with classical, non-Japanese CMD (Tomó et al., 1994). 
Merosin-deficiency was also demonstrated in two strains of dystrophic (dy/dyl mica (Arahata 
at al., 1993; Sunada et al., 1994). These mouse strains have been studied intensively as 
models of human DMD. The merosin locus has recently been mapped to the region of 
chromosome 10 to which the dy locus has also been mapped (Sunada et al., 1994). Taken 
together, these results indicate that deficiencies of subsarcolemmal (dystrophin), 
transmembrane (adhalin) and BL (merosin) proteins, all lead to a disturbed linkage between 
the intracellular cytoskeleton and the ECM. Quite generally, in all disorders described, the 
resulting instability of the sarcolemma leads to muscle fibre necrosis and degeneration (Tomé 
et al., 1994). 
OUTLINE OF THIS THESIS 
For a better understanding of the nature and development of pathological changes in skeletal 
muscle, the expression and distribution patterns of structural components of the muscle fibre 
were investigated in biopsies of myopathic muscle, and in cultures of normal and diseased 
muscle cells. Histological and histochamical examination of muscle biopsies often reveals 
characteristic changes, especially within the group of congenital myopathias (CM). In 
chapters 2 and 3 the results of immunolocalization studies are presented that describe 
abnormalities in the expression and distribution patterns of IF proteins, and myofibrillar and 
ECM components. The possiblity that these abnormalities contribute to the clinical phenotype 
of the disease is discussed. 
Myofibrillogenasis, the assembly of the contractile apparatus in muscle, is a dynamic 
multistep process that cannot be studied in a single biopsy. With the aim to develop an in 
vitro model system to study pathologic myofibrillogenesis, this process was characterized in 
normal muscle cultures (chapters 4 and 5). As muscle cells of CM patients were initially not 
available, myoblasts of the dystrophic mouse strain ReJ dy/dy were studied (chapter 6). In 
chapter 7 expression patterns of IF proteins, myosin isoforms and titin in cultured cells and 
biopsy specimens of a patient with X-linked myotubular myopathy are compared with those 
in control material. 
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The final two chapters focus on expression end distribution patterns of the recently 
identified myotonic dystrophy protein kinase (DM-PK), the product of the gene in which e 
ICTGIn repeat is localized. Expansion of this repeat causes DM. By a confirmation of in situ 
hybridization and immunohistochemical analysis, it is demonstrated that DM-PK is expressed 
in early stages of myogenesis, and in both, normal and DM muscle. In adult muscle cells 
DM-PK is localized in specialized membrane regions in skeletal, cardiac as well as smooth 
muscle cells. 
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Abstract—Postnatal centralization of muscle fibre nuclei, which were previously located 
subsarcolemmally, is described in a case of centronuclear myopathy (CNM) in a male patient 
with generalized muscle weakness since birth. A muscle biopsy was taken at the age of 11 
months, no particular abnormalities were observed at this stage apart from an unusual variation 
in fibre suc A distinctly below average muscle fibre diameter, increased endomysial connective 
tissue, and features typical for CNM were found in a biopsy taken 9 yr later Immuno-
hislochemical studies using antibodies to desmin, vimentin, laminin and type IV collagen 
revealed altered staining patterns compared with normal fibres. The abnormalities in the 
patterns of cytoskeletal proteins point to a defective regulation of the composition and 
organization of the cytoskeletal network during development, paralleled by abnormalities in the 
extracellular matrix 
Key words. Centronuclear myopathy, pathogenesis, cytoskeleton, basement membrane, extra­
cellular matrix, immunohislochemislry. 
INTRODUCTION 
The first case of a muscular disease characterized 
by numerous centrally located nuclei in the 
muscle fibres was documented by Spiro et al. [I]. 
Since the morphological findings in the muscle 
biopsy suggested the presence of myolubes, the 
disease was named "myotubular myopathy". 
The general term "centronuclear myopathy" 
(CNM) was suggested by Sher et al. [2]. Several 
authors described variations in clinical picture, 
age of onset, mode of inheritance and progres­
sion, which indicated that the term centronuclear 
myopathy may in fact cover more than one 
disease [3-7]. The pathogenesis of the disorder is 
not clear although some explanations have been 
put forward [8-11]: (I) an arrest of, or delay in, 
muscle fibre maturation; (2) an impairment of 
maturation preventing migration of nuclei to a 
peripheral location; and (3) degenerative pro­
cesses causing secondary nuclear migration to 
the centre of the fibres. 
¡Author to whom correspondence should be addressed. 
Deparlmenl of Cell Biology and Histology, University of 
Nijmegen, Ρ О Box 9101,6500 HB Nijmegen, The Netherlands 
Disorganized cytoskeletal filaments have been 
observed in several myopathies [12,13] but few 
studies have investigated whether the presence of 
central nuclei is related to a disorganization of 
the cytoskeletal network. Because of the putative 
role of the cytoskeleton in the positioning of the 
nucleus, in its interaction with the cell membrane 
[14,15], it is tempting to speculate that some 
disorder in the cytoskeletal protein system might 
lead to centralization of nuclei in CNM. Using 
antibodies to intermediate filaments of the des­
min (skeletin) type, no specific abnormalities in 
muscle biopsies of two patients presenting a 
slowly progressive form of CNM were observed 
[13], whereas in four cases of a severe, neonatal 
form of CNM desmin patterns comparable with 
foetal muscle were described [16]. 
Studies on the distribution pattern of the 
basement membrane constituents laminin and 
type IV collagen in CNM have not revealed 
differences in the localization of these com­
ponents when compared with normal muscle 
[17-19]. Both laminin and type IV collagen were 
always located in a sharply delineated ring 
representing the basement membrane surrounding 
muscle fibres, blood vessels and capillaries. 
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Fig. I. Histology (H&E; a,b) and enzyme histochemistry (ATPase; c,d) of muscle tissue of 
biopsies 1 (a,c) and 3 (b,d). Bar indicates 25 /im. 
In this report we describe a patient who 
suffered from a generalized muscle weakness 
since birth and from whom a muscle biopsy was 
taken at the age of 11 months. The biopsy 
showed no obvious abnormalities apart from too 
large a mean fibre diameter, and too large a 
variation in fibre size. A second biopsy was taken 
at the age of 10 yr. The biopsy findings appeared 
to be typical for CNM. In addition to 
conventional ultrastructural and histochemical 
characterization of the muscle biopsies, we 
performed immunohistochemical studies with 
antibodies to the intermediate filament proteins 
desmin and vimentin, and the basement mem­
brane components laminin and type IV collagen, 
to investigate the organization and composition 
of the cytoskeletal network and the basement 
membrane of the pathologic myofibres. 
PATIENT AND METHODS 
Case history 
The patient, a boy, was born as the first child of 
healthy, non-consanguineous parents after an 
uneventful pregnancy and delivery. From birth 
onwards he experienced hypotonia, feeding dif­
ficulty and reached motor milestones with some 
delay. He showed facial weakness and ptosis, but 
no other signs of external ophthalmoplegia. He 
walked at 18 months but was never able to run. A 
biopsy of the quadriceps muscle was performed 
elsewhere (by Dr M. H. Brooke) at the age of 11 
months (biopsy I). The biopsy was definitely 
abnormal, but a clear diagnosis could not be 
made. He had a number of life threatening 
respiratory infections, during one of which 
he needed ventilatory support. He experienced 
increasing difficulty in walking and showed pro­
gressive lordosis, fixed hip flexion and 
equinovarus deformity of the feet. When we first 
saw him at the age of almost 10 yr, he was a short 
statured boy, with a height of 126 cm (below 
third percentile), a head circumference of 51 cm 
(between 10th and 50th percentile) and weighed 
18.5 kg (below third percentile). General exam­
ination revealed no abnormalities and no 
cardiomyopathy was diagnosed. There was facial 
diplegia and bilateral ptosis without limited 
extra-ocular muscle movement, and generalized 
weakness, more pronounced in the distal than 
the proximal muscles. He was seriously handi­
capped by pes equinus left and right, with a slight 
varus and adductus deformity. The serum 
creatine kinase was not increased and the results 
of electromyographic investigations were equi­
vocal. A needle biopsy of the quadriceps muscle 
(vastus lateralis) was performed and the tissue 
was embedded in epoxy-resin for ultrastructural 
examination (biopsy 2). A Z-lengthening 
procedure was performed on the right Achilles 
tendon and after uneventful recovery the left 
Achilles tendon was also treated. During the 
operation, a biopsy of the soleus muscle was 
taken (biopsy 3). The wounds healed well. Sub­
sequently an ankle orthosis was made on both 
sides, but the course was seriously complicated 
by delayed weaning from the respirator due to 
tracheomalacia. This was eventually treated by 
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Tabic I Summary of ine h biochemical and murphomeinial findings 
Biopsy 
No 
1 
2 
3 
M иыіс 
Quadriceps 
Quadriccpst 
Solcus 
Age 
11 months 
10 yr 
10 yr 
% Fibres 
wiih central 
nuclei 
< l 
( < 3 ) · 
62 
(<3) 
60 
(<3) 
•/.Type 1 
fibres 
60 
(50) 
nd J 
91 
(«5) 
•/.Type II 
fibres 
40 
(50) 
nd 
9 
(15) 
Mean diami 
Typel 
24 ± 6 
(20) 
30 ± 10 
(45) 
21 ± 4 
(45) 
elerl^m ± S D ) 
Type 11 
24 ± 7 
(20) 
30 ± 10 
(45) 
22 ± 4 
(45) 
Diameter range (μπι) 
Typel 
2-39 
(10-30) 
B-85 
25-65 
7-39 
(25-Í5) 
Type II 
9-47 
(10-30) 
8-B5 
25-65 
14-30 
(25-65) 
•Normal values appear between parentheses 
tin biopsy 2 mean hbre diameters could not be estimated for type I and type II fibre* separately because only glutaraldehyde fixed material 
embedded in epoxy-resin was available 
Jnd = Nut determinable 
surgical removal of the eroded pari of the 
trachea. Further recovery was uncomplicated. 
Histochemistry and morphometry 
Sections of biopsy I stained with 
haematoxylin-eosin (H&E) and ATPase (high 
pH) were kindly put at our disposal by Dr 
Brooke. Frozen cryostat sections of biopsy 3 
were used for staining with H&E and for ATPase 
(high pH) and other histochemical stainings [20]. 
Muscle fibre diameters were estimated using a 
MOP-Videoplan measuring instrument 
(Kontron, Munich, F.R.G.). In cases of ellipsoid 
profiles, the lesser diameter was considered to be 
the profile diameter [20]. 
¡mmunohistochemistry 
Immunohistochemistry could only be per-
formed on material from biopsy 3, which was 
frozen immediately in liquid nitrogen and stored 
at - 20°C. Air-dried, 6 μιτι cryostat sections were 
fixed in methanol (-20'C, 5-10 min) and 
acetone ( - 20°C, 10-30 s). After air drying they 
were incubated with an antibody or antiserum 
for 30 min at room temperature. The sections 
were rinsed in PBS (30 min), and when double 
labelling was performed incubated with a second 
antibody or antiserum. After rinsing in PBS (30 
min) they were incubated with the appropriate 
anti-mouse and/or anti-rabbit immunoglobu­
lins, labelled with fluorescein isothiocyanate 
(Nordic Immunology, Tilburg, The Nether­
lands), Texas Red (Southern Biotechnology 
Associates, Birmingham, AL, U S.A.) or pero­
xidase (Dakopatts, Gloslrup, Denmark). After 
washing in PBS for 30 mm, the sections were 
mounted in Gelvatol (Monsanto, St. Louis, MO, 
U.S.A.) or processed for the detection of pero­
xidase as described elsewhere [21]. Slides were 
viewed with a Leitz Dialux 20 EB microscope, 
equipped with epifluorescent illumination. 
Pictures were taken using 400 ASA Tri-X film 
(Kodak, Rochester, NY, U.S.A.) with an 
automatic camera. 
The following polyclonal and monoclonal 
antibodies were used in this study. 
(1) the mouse monoclonal antibody 4EI0, 
specific for human laminin [22]; 
(2) a mouse monoclonal antibody to type IV 
collagen, raised to human kidney glomeruli [23]; 
(3) the mouse monoclonal RV 202, specific for 
vimentin, the intermediate filament protein 
found in most types of mesenchymal cells [24]; 
(4) an affinity-purified polyclonal rabbit anti­
serum (pVIM), raised against vimenlin isolated 
from calf lens by preparative gel electrophoresis 
[25]; 
(5) the mouse monoclonal antibody RD 301, 
specific for desmin, the muscle specific inter­
mediate filament protein [24]; 
(6) a polyclonal rabbit antiserum (pDes), 
raised against chicken gizzard muscle desmin as 
described before [25]; and 
(7) the mouse monocolonal antibodies 330-
R5B4 and 330-R5D4, specific for embryonic 
myosin [26]. 
The monoclonal and polyclonal antibodies to 
vimentin and desmin are available from Euro-
Diagnostics B.V., Apeldoorn, The Netherlands. 
Soleus muscle from a 9-yr-old patient suffering 
from a clinical (possibly toxic) polyneuropathy 
(Figs 2 and 3), and a 6-yr-old patient suffering 
from Duchenne muscular dystrophy, in whose 
biopsy material large groups of basophilic 
regenerating fibres were present (Fig. 4), were used 
as controls. 
Electron microscopy 
Material from biopsy 2 was prefixed in buffered 
2% glutaraldehyde and postfixed in 2% Os04. 
Following embedding in Epon 812, ultrathin 
sections were double contrasted (uranyl acetate, 
lead citrate), and examined in a Philips EM 300 or 
a Philips EM 301 electron microscope. 
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Kig. 2. Indirect immunofluorescence micrographs of control muscle (a) and of muscle tissue of the patient with 
CN M (b-o), incubated with the polyclonal antiserum to desmin (a-i) or with the monoclonal desmin antibody (j-
o). Bar indicates 25 fim. 
RESULTS 
Histochemical observations 
Hislochemical and quantitative morpho-
nicmc.il findings are depicted in Fig. I and 
summarized in Table I. The first biopsy was 
characterized by a normal ratio of type 1 to type 
II fibres. Only 0.7% of the fibres contained 
centrally located nuclei (Fig. la.c). However, 
there was a distinct variation in fibre diameter 
and the average diameter was too large for that 
age. Biopsy 2, taken 9 yr later from the same 
muscle, showed numerous fibres with central 
nuclei and a mean muscle fibre diameter far 
below normal. Fibres showed a somewhat 
38 
rounded appearance (Fig. 6a), endomysial con-
nective tissue was increased, and adipose tissue 
was spread throughout the whole biopsy, rep-
lacing about 25% of the muscle tissue. Some 
fibres (especially the fibres with the largest dia-
meters) showed small or large central "holes", a 
perinuclear halo or a radial, spoke-like ap-
pearance of the cytoplasm. In longitudinal 
sections, internal nuclei were located in chains 
with or without unci -nuclear spaces. Nuclei were 
somewhat rounded but not swollen and did not 
contain prominent nucleoli. In biopsy 3, taken 
from another muscle, the same abnormalities 
were present (Fig. lb, d,). In H&E stained 
sections no bluish, basophilic fibres were observed. 
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Fig. 3. Indirect immunofluorescence micrographs of control muscle (a,c,e) and oí muscle tissue of the patient 
with CNM (b.d.f), incubated with the monoclonal antibodies to vimentin (a,b), laminili (c,d) or type IV 
collagen (e,f ). Bar indicates 25 firn. 
Immunohistochemical observations (Figs 2 and 3) 
Monoclonal and polyclonal antibodies to 
desmin, vimentin, luminili and type IV collagen 
were used to characterize abnormalities of the 
cytoskeleton and the basement membrane in 
biopsy 3. In numerous fibres desmin organ-
ization was disturbed (Fig. 2b-o), resulting in 
either protein accumulations in the peripheral 
region of the fibres (Fig. 2i), or in irregularly 
organized aggregates surrounding the nuclei 
(Fig. 2b-g), irregular punctate reactivity in the 
myoplasm (Fig. 2h,k-m) or a circumscript reac-
tivity between the nuclei (Fig. 2j). Vimentin, 
normally not present in mature muscle fibres but 
only in the interstitial tissue (Fig. 3a), was 
detected as cytoplasmatic aggregates in 
numerous diseased muscle fibres (Fig. 3b). 
Staining by antibodies to laminin (Fig. 3c,d ) and 
type IV collagen (Fig. 3e,f) was more intense 
than in the control biopsy; each fibre was 
completely surrounded by a thickened layer of 
laminin (Fig. 3d) and type IV collagen (Fig. 3f). 
Blood vessel walls also showed increased 
reactivity with the laminin and type IV collagen 
antibodies while the proliferated endomysial 
connective tissue showed no reactivity. These 
patterns were comparable with those obtained 
with peroxidase conjugated secondary anti-
bodies, and were neither observed when 
incubation with the primary antibodies was 
omitted, nor in control muscle. In order to 
identify possible regenerating fibres we used two 
antibodies to embryonic myosin. No staining 
was observed in any of the muscle fibres of our 
patient, including those with disturbed desmin 
distribution, with either antibody (Fig. 4a,b), 
while in a control patient a large group of 
regenerating fibres showed obvious staining with 
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Fig. 4. Indirect immunofluorescence micrographs of muscle tissue of the patient with CNM (a,b, double 
labelling) and of control muscle (c,d, serial sections), incubated with the polyclonal (a) or monoclonal (c) 
desmin antibodies or with 330-R5B4, a monoclonal antibody to embryonic myosin (b,d). Bars indicate 60 /mi 
(a,b)or IOO/jm(c,d). 
both antibodies to embryonic myosin as well as 
the antibodies to desmin (Fig. 4c,d). 
Ultrastructural observations (Figs 5 and 6) 
Apart from the presence of central nuclei, most 
muscle fibres showed a regular arrangement of 
the contractile apparatus. However, spoke-like 
organization of the myofibrils, with widened 
intermyofilamentous spaces was observed as welt 
as structural aberrations such as replicated 
triads, target fibres, Z-disk streaming, and other 
myofilamentous disorganizations (Fig. 5c,d). In 
several fibres membrane-bound depositions of 
electron-grey or -opaque material were observed 
between the filaments (not illustrated). Peri-
nuclear spaces, present in most of the fibres, were 
occupied by mitochondria, lysosomal structures, 
small lipofuscin-like granules, glycogen, Golgi 
complexes, intermediate filaments (Fig. 5a,b) as 
well as filamentous bodies (Fig. 5c). A replicated 
basal lamina surrounding muscle fibres and 
blood vessels was also seen (Fig. 6b,c). 
DISCUSSION 
Cenlronuclear myopathy (CNM) consists of 
several subtypes with different characteristics 
[3,8,27,28], the most commonly observed of 
which are centrally located nuclei in a significant 
number of muscle fibres and a type I fibre 
predominance. Several authors [3,27-29] have 
suggested that CNM can be subdivided into the 
following categories: (1) a neonatal type with 
autosomal recessive inheritance, ("myotubular 
myopathy") [3]; (2) a severe neonatal type with 
X-chromosome linked inheritance ("X-linked 
myotubular myopathy", XLMTM) [3]; and (3) 
an autosomal dominant or sporadic type, with 
onset in childhood or adult life ("centronuclear 
myopathy") [3]. Considering the time of onset, 
the negative family history and the anamnestic 
data, the patient described in this report prob-
ably belongs to type 3. 
There has been much speculation about the 
pathogenesis of the disease. The original as-
sumption of Spiro e tal. [1] that fibres with central 
nuclei were non-maturated foetal myotubes was 
questioned by several authors [2,8,9]. In contrast 
to normal foetal myotubes, which have prom-
inent nuclei and small amounts of contractile 
elements, most fibres in CNM muscle contain 
relatively large areas with fully differentiated 
sarcomeres. The presence of myofibrillar dis-
ruptions, atrophy-associated abnormalities and 
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Fig. 5. Alterations in the organization of the cytoskelelon as observed by electron microscopy, (a) Centrally located nuclei 
(n) with an inlernuclear space occupied by numerous organelles. At the right regular arranged myofilaments and the 
sarcolcmma with a fibroblastic extension, lb) Disarrangement of intermediate-sized filaments (inset higher magnification), 
mitochondria (arrows) and a Golgi area (asterisk) between bundles of myofilaments, (c) Perinuclear urea containing 
glycogen, filamentous bodies (arrowheads), and replication of triads (arrow); η indicates the nucleus, (d) Irregular electron-
dense accumulations of cross-sectioned Z-band material. Bars indicate I /im (a.b.c) or 10 μιη (inset, d). 
subsarcolemmally located nuclei are more sug­
gestive of other pathological processes rather 
than an arrest in foetal muscle development. In 
XLMTM, however, evidence is accumulating 
that fibres with central nuclei may indeed be non-
developed foetal muscle fibres [16,30,31]. 
Few follow-up studies have been performed 
with CNM patients. The cases that have been 
documented so far showed no obvious histologic 
changes in consecutive biopsies [4] or decreased 
numbers of central nuclei [32]. One case with 
pathological features of both CNM and 
multicore disease has been described that in some 
aspects resembles our case [33]. Unlike a muscle 
biopsy taken during the first year of life, biopsies 
taken several years later revealed the presence of 
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Fig 6 Micrographs showing the extracellular matrix in muscle tissue of the patient with ('NM (a) Proliferation of 
interstitial tissue as seen in a I /im tolluidine-blue stained section of Epon 812 embedded tissue (biopsy 2). Inset: a small 
libre enclosed by endomysial tissue, (b) Basal lamina reduplication of a myonbre with granular deposits (of cellular 
defecation), note increased interstitial tissue (asterisk), (c) Part of endothelial cells (venous capillary) with reduplication of 
the basal lamina; asterisk indicates lumen. Bars indicate 25 /im (a), 10 /im (inset) or 1 /im (b,c). 
internal nuclei in a large number of fibres. It maturation appeared normal. Subsequently, 
seems to indicate that in this patient muscular fibres did not grow to normal sizes and nuclei 
weaknessprecedcdthetranslocationofnuclei.lt migrated to the centre of the fibres. These 
has been proposed by Hülsmann el al. [9] that observations point to a secondary migration of 
postnatal, secondary migration of nuclei to a nuclei to a central position in this case of CNM. 
more central position may be due to an autolytic Furthermore, the presence of hypertrophic fibres 
or autodegenerative process. in biopsy I and the presence of atrophic fibres in 
We present a case in which a boy suffering from biopsies 2 and 3 indicate a delay or even an arrest 
generalized muscle weakness was biopsied 9 yr in muscle fibre growth. This abnormal de-
after the first examination. During this period, a velopment is associated with pathological 
number of changes had occurred, both within changes, such as the appearance of fibres with 
and between the muscle fibres. Apart from an large vacuoles, or radial or spoke-like structures, 
unusual variation in fibre size, muscle fibre and a proliferation of endomysial tissue with 
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excessive adipose tissue replacing muscle fibres 
Several authors have proposed that pro-
lifération of connective tissue may play a role 
in pathogenesis of various myopathies [18,19, 
29] Presumably, proliferated endomysial tis-
sue encloses muscle libres in such a way that 
growth in width, and possibly also in length, 
is hindered In combination with the presence of 
a reduplicated sarcolemma, endomysial tissue 
proliferation may interfere with the contact 
of the fibres with anchoring structures to 
the supporting tissue [34], and consequently 
also with the co-ordinated contraction of muscle 
fibres and force-transmission. It has been 
suggested that in muscular dystrophic mice, the 
presence of increased connective tissue and an 
abnormal sarcolemma caused growth 
impairment and malurational defects in patho-
logic muscle fibres [35] 
Our studies showed a distinct and even 
increase in laminin and type IV collagen 
immunoreacdvily surrounding all muscle fibres 
(F-ig. 3d,f) This is most likely to be related to 
the thickening and reduplication of the basal 
laminae around all muscle fibres and blood 
vessels (Fig 6b,c). We are aware of one other 
immunohistochemical study of a CNM muscle 
biopsy [19], using anti-type IV collagen and 
laminin antibodies In this case no signifi-
cant differences were found when compared with 
control tissue Irregular, focally increased 
immunoreactiviiy for laminin and type IV 
collagen is found in muscular dystrophies and 
around individual atrophic fibres in a variety 
of other neuromuscular disorders [17]. How-
ever, the regularity in the increase of endo-
mysial type IV collagen and laminin throughout 
the muscular tissue, in the absence of exten-
sive fibrosis of the perimysium, seems rather 
exceptional [17] In this context it seems 
worthwhile to note that the desmin intermed-
iate hlament organization is severely disturbed 
within a high percentage of muscle fibres. 
We consider it highly unlikely that the aberrant 
desmin patterns are related to an immaturity 
of the fibres or are the result ol regenerative 
processes. In a variety of myopathies, the des-
min staining pattern is intense and diffusely 
distributed in immature and regenerating muscle 
fibres [36,37] Also arguing against muscle fibre 
regeneration is the absence of basophilic fibres 
and large, vesicular nuclei with prominent 
nucleoli. To further exclude the possibility of 
fibre regeneration in this patient, we used anti-
bodies specific for embryonic myosin. These 
antibodies reveal distinctly positive fibres in normal 
foetal or neonatal human skeletal muscle tissue 
[26], slain regenerating fibres (Fig 4d), but 
showed no positive reaction at all in our patient 
(Fig 4b). 
Focal accumulation of intermediate-sized 
filaments in muscular disorders is often con-
sidered a rather non-specific abnormality 
[12,13,38] In our case however, we observed a 
generalized disturbance of the desmin organ-
ization. It has been demonstrated in various cell 
types, including muscle cells, that desmin fila-
ments contact both the nuclear surface and the 
plasma membrane [14,39-41] It is tempting to 
speculate that in our CNM case, a disturbance of 
the regulatory mechanisms that govern the 
organization of the desmin intermediate fila-
ments may result in an abnormal localization of 
the nuclei. In addition, the occurrence of 
intracellular cytoskeletal abnormalities and the 
extracellular thickening of endomysial structures 
may also be related Under normal conditions 
vimentin is only present in immature or regen-
erating muscle fibres [16,41]. Therefore the 
presence of a punctate localization of vimentin 
immunoreactmty in underdeveloped, but clearly 
not regenerating, muscle fibres may be due to an 
abnormal regulation of intermediate filament 
gene-expression In this respect it is interesting to 
refer to Sarnat's suggestion [16] that persistence 
of "foetal" desmin and vimentin filaments hinders 
nuclear migration to a subsarcolemmal position 
during maturation of muscle fibres in XLMTM 
From the above it will be clear that further 
studies on abnormalities in the development of 
the myofibre cytoskeletal system and of extra-
cellular matrix components are needed for a 
better understanding of the pathogenesis of the 
various forms of CNM. The different staining 
patterns obtained with antibodies to desmin and 
vimentin might be of diagnostic significance in 
discerning between XLMTM and the childhood 
onset type of CNM 
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SUMMARY 
We have studied the expression and distribution patterns of the intermediate filament proteins 
desmin and vimentin, the sarcomere components t it in, nebulin and myosin, the basement 
membrane constituents collagen type IV and laminin, and the reticular layer component 
collagen type VI in skeletal muscle of patients with "classic" congenital myopathies (CM), 
using indirect immunofluorescence assays. In all biopsy specimens obtained from patients 
with central core disease (CCD), nemaline myopathy (NM), X-linked myotubular myopathy 
(XLMTM) and centronuclear myopathy (CNM), disease-specific desmin disturbances were 
observed. Vimentin was present in immature fibres in severe neonatal NM, and as 
sarcoplasmic aggregates in one case of CNM, while the amounts of vimentin and embryonic 
myosin, observed in XLMTM, decreased with age of the patients. Abnormal expression of 
myosin isoforms was found in several CM biopsies, although the organization of myosin and 
other sarcomere components was rarely disturbed. Basement membrane and reticular layer 
proteins were often prominently increased in severe cases of CM. We conclude that i) desmin 
is a marker for individual types of CM end might be used for diagnostic purposes; ii) the 
expression patterns of the differentiation markers desmin, vimentin and embryonic myosin in 
XLMTM, point either to a postnatal muscle fibre maturation or to a variable time-point of 
maturational arrest in individual patients; iii) the correlation between the distribution patterns 
of extracellular matrix proteins and clinical presentation points to a role of these proteins in 
pathophysiology of CM. 
INTRODUCTION 
Defined as inherited non-progressive childhood neuromuscular diseases, characterized by 
specific clinical features and structural abnormalities within the skeletal muscle, the group of 
congenital myopathies (CM) now includes some forty distinct disorders. These rare diseases 
can be divided into three categories as recently reviewed by Goebel (1991): i) "classic" CM, 
such es central core disease (CCD), nemaline myopathy (NM), centronuclear myopathy 
(CNM), X-linked myotubular myopathy (XLMTM) and congenital fibre type disproportion 
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(CFTD); π) "accepted" CM, often named after the morphology of structural changes observed 
in the muscles (e.g. fingerprint body myopathy and zebra body myopathy); and HI) 
"questionable" CM, a large group of less well defined muscular diseases. 
CCD is the first CM reported in the literature. Shy and Magee (1956) described a family 
suffering from non-progressive, mild muscle weakness, which after histologic examination 
revealed muscle fibres with abnormal central areas, that were later shown to be devoid of 
mitochondria and sarcoplasmic reticulum and deficient in oxidative enzymes and 
Phosphorylase activity (Bodensteiner 1994). The myofibrils in those areas or cores are either 
disrupted (unstructured cores) or show a normal cross-stnation (structured cores). In the 
latter case myofibrils are often contracted or otherwise out of register with the fibrils outside 
the core (Bodensteiner 1994). 
NM was described for the first time by Shy et al. (1963) and Conen et al. (1963) as a mild, 
non-progressive muscle weakness characterized by rod-like structures within the myofibres, 
which was confirmed by Engel et al. (1964) and Kuitunen et al. (1972). Subsequent reports 
described patients with myofibrillar as well as nuclear rods (Paulus et al. 1988; Rifai et al. 
1993). Apart from relatively benign cases, severely affected and progressive cases have also 
been described (Nonaka et al. 1989, 1990; Shimomura and Nonaka, 1989; Wallgren-
Pettersson 1989). Bodenstemer (1988) suggested to classify the neonatal and congenital 
forms of NM and the adult onset form as separate disease entities. Evidence was presented 
that NM is inherited as an autosomal dominant trait (Arts et al. 1978; Kondo and Yuasa 
1980), although in some families autosomal recessive inheritance was suggested (Arts et al. 
1978; Cartwright et al. 1990). 
A myopathy characterized by the presence of central nuclei in the muscle fibres was 
described for the first time by Spiro et al (1966). This author introduced the term 
"myotubular myopathy". Together with "cantronuclear myopathy" (Sher et al. 1967) this 
term has since then often been used for myopathies distinguished by non-penpherally located 
nuclei in muscle fibres. Nowadays most authors discern two or three different types of 
myopathies with centrally located nuclei (Dubowitz 1985; Swash and Schwartz 1988; 
Bodenstemer 1994). A convenient classification proposed by Figarella-Branger et al. (1992), 
categorizes all non-X-linked types in one group, and the X-linked form in a second group. In 
this paper we will refer to the non-X-linked cases as centronuclear myopathies (CNM) and to 
the X-hnked cases as X-linked myotubular myopathy (XLMTM). XLMTM, first described by 
Van Wijngaarden et al. (1969) and Barth et al. (1975), is undoubtedly the most severe CM. 
Symptoms are always present at birth and patients usually die within a few months. Muscle 
biopsies are characterized by small fibres with large central nuclei that show features of 
immaturity or a delayed development (Sarnat 1990). The affected gene in XLMTM has been 
assigned to Xq28 (Darnfors et al. 1990; Lehesjoki et al. 1990; Starr et al. 1990; Thomas et 
al. 1990). 
CNM has its onset in childhood or in adult life (Goebel et al. 1984; Levaste et al. 1987; 
Van der Ven et al. 1991) and usually results in somewhat milder symptoms. An autosomal 
recessive (Sher et al. 1967; Heckmatt et al. 1985) as well as an autosomal dominant 
(McLeod et al. 1972, Torres et al. 1985) inheritance has been suggested. Mostly, the often 
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sporadic childhood or adult life onset cases are even more benign, although progressive cases 
have also been described (Baradello et al. 1989). 
The molecular organization and distribution of structural muscle fibre components in CM 
have only scarcely been studied. Abnormal desmin distribution has been described in CCD 
(Thornell et al. 1983; Gallanti et al. 1992), NM (Jockusch et al. 1980; Thornell et al. 1980; 
Sarnat, 1992), XLMTM (Sarnat 1990, 1991) and CNM (Van der Ven et al. 1 9 9 1 ; Misra et al. 
1992; Figarella-Branger et al. 1992), while aberrant expression of vimentin, other than in 
regenerating fibres, has been reported in XLMTM (Sarnat, 1990, 1991) and CNM (Van der 
Ven et al. 1 9 9 1 ; Misra et el. 1992). The sarcoplasmic rods characteristic for NM were shown 
to contain the Z-band protein o-actinin (Jockusch et al. 1980; Jennekens et al. 1983; Paulus 
et al. 1988) and actin (Yamaguchi et al. 1982; Rifai et al. 1993). Whether desmin is a 
component of rods (Paulus et al. 1988; Rifai et al. 1993) or just associated wi th them 
(Jockusch et al. 1980) is still not clear. The presence of vimentin in rods has to date bean 
described in a single report (Paulus et el. 1988). Intranuclear rods differ in composition from 
their sarcoplasmic counterparts in that only the presence of σ-actinin could be demonstrated 
(Paulus et al. 1988; Rifai et al. 1993). 
Embryonic myosin was found to be expressed in XLMTM (Sawchak et al. 1991) and an 
overrepresentation of either fast or slow twitch fibres was demonstrated in cases of CCD 
(Dubowitz, 1985; Swash and Schwartz, 1988) and NM (Biral et al. 1985; Shimizu et al. 
1990). Antibodies specific for basement membrane and reticular layer proteins have been 
used in very few studies concerning CM (Dunn et al. 1984; Hantaî et al. 1985). In some 
cases of CNM only a thickening of the basement membrane of a few atrophic fibres was 
observed (Bertolotto et al. 1983), while in one case of CNM the increased expression of 
laminin and collagen IV surrounding all muscle fibres and blood vessels was ultrastructurally 
shown to be the result of a reduplication of the basement membrane (Van der Ven et al. 
1991). 
We previously described abnormalities in the distribution of intermediate filament proteins 
and components of the basement membrane and the reticular layer in skeletal muscle of a 
case of CNM (Van der Ven et al. 1991). This report describes a systematic and extensive 
study in a large group of CM patients with several antibodies specific for cytoskeletal, 
sarcomeric, basement membrane and reticular layer proteins. Serial sections were studied and 
double labeling experiments were performed to allow the comparison of different components 
within the same muscle fibre. 
MATERIALS AND METHODS 
Muscle biopsies 
Skeletal muscle biopsies from 16 patients suffering from a congenital myopathy were 
examined in this study (Table 1). In all cases the diagnosis was made after clinical 
investigation and a standard series of histochemical investigations (Dubowitz 1985). Electron 
microscopy was applied in a number of cases in order to confirm the diagnosis. 
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Tabla 1 . Summary of clinical data of patients suffering from congenital myopathy 
Type of 
CM/PNo 
CCD1 
CCD2 
CCD3 
CCD4 
CCD6 
NM1 
NM2 
NM3 
NM4 
NM5 
XLMTM1 
XLMTM2 
XLMTM3 
XLMTM4 
CNM1 
CNM2 
Sex 
F 
F 
M 
F 
M 
M 
F 
F 
M 
F 
M 
M 
M 
M 
F 
M 
Age 
βγ 
lOy 
10y 
13y 
34y 
9m 
14m 
19m 
23y 
34y 
Id 
I m 
2m 
4m 
8y 
10y 
Remarks 
mild delay in milestones 
generalized moderate muscle weakness 
normal developmental milestones 
progressive muscle weakness; daughter of CCD6 
mild symptoms; father of CCD4 
severe neonatal form 
moderate, congenital form; marked delay in milestones 
severe neonatal form 
adult onset form; mild generalized muscle weakness 
adult onset form; progressive; severely affected; 
autosomal dominant trait 
severe neonatal form 
severe neonatal form 
severe neonatal form 
severe neonatal form 
mild congenital form 
childhood onset; progressive, generalized muscle 
weakness 
Abbreviations: CM: congenital myopathy; PNo: patient number; CCD: central core disease: NM nemaline (rod) 
myopathy; XLMTM: X-linked myotubular myopathy; CNM: centronuclear myopathy; F/M: female/male. Age: age 
at time ol biopsy. 
Immunohistochemistry 
Immunohistochemical studies, using the indirect immunofluorescence technique, were 
performed as described before (Van der Ven et al. 1991), except that in most experiments 
non-fixed cryosections or sections treated for 5 min with 0.5% Triton X-100 in phosphate 
buffered saline were used. The characteristics of the antibodies used in this study are 
summarized in Table 2. All reactivity patterns were not observed after omission of the 
primary antibodies. In double-labeling experiments, the observed reactivity patterns did not 
differ from those of the individual antibodies in parallel experiments. 
RESULTS 
The results of the immunohistochemical studies on skeletal muscle sections of patients 
suffering from CCD, NM, XLMTM and CNM are summarized in Tables 3 and 4 and illustrated 
in Figs 1-6. 
Central core disease 
In all five CCD patients studied, desmin staining was normal apart from the central cores, 
which were often negative, separated from the rest of the fibre by a fluorescent demarcation 
(Fig. 1A). A strong fluorescence of the cores (Fig. 1A) or a staining of desmin aggregates 
within the cores (Fig. 1B) was also observed. These different desmin patterns occurred next 
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ТаЫ· 2. Antibodies and antisera used In this study 
Antigen 
Desmin 
Vimentin 
Myosin, sarcomeric (MHO 
Myosin, fast (MLC) 
Myosin, slow (МНС) 
Myosin, embryonic (MHC) 
Nebulin 
Titm 
Laminin 
Collagen type IV 
Collagen type VI 
Designation 
RD301 
D3 
pDes 
RV202 
pVim 
MF20 
MF6 
219-1D1 
330-R5B4 
330-R6D4 
NB2 
9D10 
2E8 
M3F7 
БС 
M/R 
M 
M 
R 
M 
R 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
Source 
ED 
F 
ED 
ED 
ED 
F 
DSHB 
W 
W 
W 
S 
DSHB 
DSHB 
DSHB 
DSHB 
Reference 
Ramaekers et al. 1987 
Danto and Fischman 1984 
Ramaekers et al. 1986 
Ramaekers et al. 1986 
Ramaekers et al. 1983 
Bader et al. 1982 
Shimizu et al. 1986 
Wessels et al. 1990 
Wessels et al. 1990 
Fürst et al. 1988 
Wang and Greaser 1985 
Engvall et al. 1986 
Foellmer et al. 1983 
Hessle and Engvall 1984 
Abbreviations: M: mouse monoclonal antibody; R: rabbit antiserum; ED: available from 
Euro-Diagnostica BV, Apeldoorn, The Netherlands; F: kind gifts of Dr D. Fischman, New York, NY, 
USA; DSHB: obtained from the Developmental Studies Hybridoma Bank, maintained by the 
Department of Pharmacology and Molecular Sciences, Johns Hopkins University, School of Medicine, 
Baltimore, MD, USA and the Department of Biology, University of Iowa, Iowa City, IA, USA, under 
contract N01-HD-6-2915 from the NICHD; W: kind gifts of Dr A. Wessels, Amsterdam, The 
Netherlands; S: purchased from Sigma Chemical Company, St. Louis, MO, USA; MHC: myosin heavy 
chain; MLC: myosin light chain 
to each other within biopsies of individual patients. Vimentin reactivity was never found in 
CCD muscle fibres. In one patient (CC02) the increased connective tissue compartment was 
strongly stained by anti-vimentin (Fig. 1С). All biopsies showed a conspicuous predominance 
of slow fibres. Embryonic myosin was never detected in more than a few small, regenerating 
fibres. Basement membrane protein expression was slightly or strongly increased in CCD4 
and CCD2 (Fig. 1E) respectively, while normal reactivity was seen in the other cases 
(Fig. 1F). In one patient expression of the basement membrane protein collagen type IV was 
observed in the perimysial tissue (Fig. IG). Endomysial and/or perimysial staining of collagen 
type VI was increased in four patients (Fig. 1H) and normal in one (Fig. 11). A disturbance or 
absence of sarcomeric proteins like myosin (Fig. 1D) and titin (Figs 1 J,K) was observed in the 
cores of some patients but not in the apparently non-affected parts of the muscle fibres. 
Nomatine myopathy 
Muscle fibre areas in biopsies of five NM patients containing nemaline rods were identified by 
the modified Gomori trichrome stain (Figs 2A,B). In biopsies of the severe cases (NM1, NM3, 
NM5) almost all fibres contained rods (Fig. 2A) while in the other biopsies predominantly 
small, slow fibres were affected (Fig. 2B). An increased, diffuse desmin reactivity was 
observed in most fibres of patients with the severe neonatal form (Fig. 2F). In the moderately 
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affected patients NM2 and NM4 only small fibres showed a disturbance in desmin distribution 
(Fig. 2E). This disturbance was not restricted to subsarcolemmal parts of the muscle fibres 
where rods usually are localized. The biopsy material of patient NM5 showed besides rods 
also core-like structures. Despite the abnormal desmin distrubution (Fig. 2C), most fibres still 
showed a cross-striated staining pattern with anti-desmin (Fig. 2D). A diffuse vimentin 
Figure 1. Central core disease. Immunofluorescence micrographs of muscle tissue of patients CCD1 
(D,K), CCD2 (A,C,E,G,H). CCD3 (B,F,I| and CCD4 (K| incubated with polyclonal anti-desmin |A,B), 
polyclonal anti-vimentin (C), anti-sarcomeric myosin heavy chain (D), anti-laminin (E,F), anti-collagen 
type IV (Gl, anti-collagen type VI (H,l), or anti-titin (J,K). Note the presence of desmin negative cores 
(arrow in A) and strongly stained cores (arrowhead in A) in one and the same tissue section (A). J and 
К depict the absence of titin in some cores (K, arrow) while other cores show a disturbance of the 
cross-striated pattern (arrow in J). Bar = 50 //m (A,B,D,J,KI or 100/лл (C.E-I). 
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staining reaction and the presence of embryonic myosin in several muscle fibres was only 
seen in the youngest NM patient (Figs 2G,H). In severe neonatal cases small fibres were 
often of the fast-twitch type, while in the other cases the small, rod-containing fibres were 
predominantly of the slow-twitch type. Expression of basement membrane proteins was 
increased around fibres and blood vessels in severe neonatal cases (Fig. 21). This 
Figure 2. Nemaline myopathy. Gomori trichrome (A,B) or immunofluorescent (C-Ll staining of muscle 
tissue of patients NM1 (F-J), NM2 (B,K), NM3 (A,LI, NM4 (E) or NM5 (CD). Sections are incubated 
with monoclonal anti-desmin RD301 (CD), polyclonal anti-desmin (E,F), polyclonal anti-vimentin (G), 
anti-embryonic myosin (330-R5B4, H), anti-collagen type IV (I), anti-collagen type VI |J,K) and 
anti-titin (L). Some Gomori trichrome stained areas in А,В are indicated by arrows. Bar = 50 μτη 
(A.B.D-Uor 100/ял 1С). 
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phenomenon was accompanied by a punctate collagen type IV deposition in the perimysium 
(Fig. 21). Anti-collagen type VI staining showed a slight to strong increase in endomysial and 
perimysial tissues in severe cases (Fig. 2J), but a normal connective tissue compartment in 
other cases (Fig. 2K). Reaction patterns with antibodies to sarcomeric proteins such as titin 
(Fig. 2L) varied considerably according to the accuracy of cross-sectioning of the fibres. The 
patterns were not considered to be abnormal. 
Figure 3. X-linked myotubular myopathy. Immunofluorescence micrographs of muscle tissue of 
patients XLMTM1 (A), XLMTM 2 <B,D,E,G,l,J>, XLMTM3 (F) and XLMTM4 (C.H) incubated with the 
monoclonal anti-desmin RD 301 (A,C) or polyclonal anti-desmin (B,l), anti-laminin (DI, anti-collagen 
type IV (E,F), anti-collagen type VI (G), anti-nebulin (H) or anti-titin (J). Bar • 50 μνη (A-E, G-JI or 
100/mi IF). 
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X-Unked myotubular myopathy IXLMTM; Figs 3-5) 
Biopsy specimens of our five XLMTM patients were characterized by a strong desmin staining 
of the central area of a large majority of the muscle fibres in all patients (Figs 3A-C, 5A) 
Despite this abnormal desmin distribution, longitudinally sectioned muscle fibres show a 
relatively normal cross-striated pattern when stained with anti-desmin (Fig. 3D and anti-titin 
(Fig. 3J). The vimentin staining pattern (Figs 4A-D, 5B) was comparable (though often 
weaker) to that of desmin (Figs 3A-C, 5A) and included cross-stnations (Figs 4B). However, 
many large fibres did not contain vimentin (Figs 4A, 5B), while the number of vimentin 
containing fibres showed considerable variation among patients and seemed to decrease with 
the age (Figs 4A-0). Upon staining with the anti-embryonic myosin antibodies a similar, 
age-dependent decrease in expression was observed (Figs 4E-G). In serial sections of the 
muscle biopsy of patient XLMTM 1 all fibres that expressed embryonic myosin were also 
stained by the anti-desmin and anti-vimentin antibodies (Figs 5A-C). Some embryonic 
myosinnegative fibres expressed desmin and vimentin, while most large fibres negative for 
embryonic myosin, expressed desmin but not vimentin (Figs 5A-C). The large fibres in this 
biopsy that were negative for embryonic myosin were, however, found to express the slow 
myosin heavy chain (Figs 5D,E) Several other, smaller fibres co-expressed embryonic myosin 
end an adult form of myosin (Figs 5D,E). The two XLMTM patients that were studied with 
antibodies to laminin, collagen type IV and collagen type VI, showed an increased basement 
membrane labeling with anti-laminm and anti-collagen type IV around muscle fibres and blood 
vessels (Figs 3D-F). Expression of collagen type IV in perimysial tissue was observed in one 
of these patients (Fig. 3F). Collagen type VI reactivity was increased in the endomysial tissue 
of both patients (Fig. 3G). Only one of the patients showed increased collagen type VI 
expression in the perimysial connective tissue Like in all other cases of normal and 
pathological skeletal muscle, anti-nebuhn diffusely stained the fibres in XLMTM. In most 
XLMTM fibres the reactivity in their central region was absent or less intense when compered 
to other parts of the fibres (Fig. 3H). Ultrastructurally, we observed accumulations of 
intermediate filaments in the perinuclear areas that showed increased intermyofibnllar space 
(not shown). 
Centronuclear myopathy ICNM; Fig. 6) 
Most of the results concerning patient CNM2 were described and illustrated before (Van der 
Ven et al 1991) Upon NADH-TR staining the fibres in the CNM biopsies often showed a 
strong central reactivity and a peripheral halo (Fig. 6A) or a radial spoke-like appearance 
Increased enti-desmin staining was observed in muscle biopsies of both patients studied In 
patient CNM1 specifically small, slow twitch fibres (Fig 6E) showed a disturbed desmin 
distribution pattern (Fig. 6B), while in patient CNM2 both fibre types were affected. In 
longitudinal sections a normal cross-striated desmin reactivity was observed surrounding the 
strongly stained centre of the fibres (Fig 6C) As described before, patient CNM2 showed 
cytoplasmic aggregates of vimentin. No vimentin reactivity was observed in the muscle fibres 
of the other patient (Fig. 6D). Embryonic myosin was only detected in a few scattered fibres 
in one of the patients. Expression of basement membrane and reticular layer proteins was 
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Figure 4. X-linked myotubular myopathy. Immunofluorescence micrographs of muscle tissue of 
patients XLMTM1 (A.B.E), XLMTM 2 (C), XLMTM3 (F) and XLMTM4 (D,G) incubated with the 
monoclonal vimentin antibody RV202 (A,B,D) or polyclonal vimentin antiserum (C), or the monoclonal 
antibodies to embryonic myosin 330-R5D4 (E) or 330-R5B4 (F,G). Note the age-dependent decrease in 
the number of vimentin positive fibres from A through 0, and the decrease in the number of 
embryonic myosin positive fibres from E through G. The section shown in D contains a single 
vimentin-positive fibre (arrow). Bar = 50 μνη. 
normal in patient CNM1 (Figs 6F,G). Patient CNM2, however, showed an overtly increased 
expression of laminin and collagen type IV around muscle fibres and blood vessels and an 
increased endomysial collagen type VI expression (Fig. 6H). Expression and distribution of 
titin was only studied in patient CNM1. Compared to small fibres, large fibres seemed to be 
stained a little stronger and more regular (Fig. 6I). 
DISCUSSION 
The normal function of skeletal muscle depends primarily on a correct assembly of myofibrils, 
in particular the organization of the sarcomeric units. Next to the motor proteins actin and 
myosin, several other muscle cell constituents play an important role in this process. The high 
molecular weight proteins titin and nebulin assumedly help organize the actin and myosin 
filaments into a regular geometric pattern (Fulton and Isaacs 1 9 9 1 ; Trinick 1992). The muscle 
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specific intermediate filament protein desmin (Fischman 1986) and probably also skelemin 
(Price 1987) link adjacent myofibrils to each other at the level of the Z-line and the M line, 
respectively, in order to keep myofibrils in register during contraction. The same filament 
proteins anchor myofibrils to a subsarcolemmal network containing dystrophin that 
co-localizes with a actinin, vinculin and other proteins known to occur in adhesion plaques 
(Ahn and Kunkel, 1993). Dystrophin associates with a laminin-binding transmembrane 
complex of glycoproteins, while integrine are thought to provide a further link to the 
interstitial connective tissue, the reticular layer (Ahn and Kunkel, 1993; Ervasti and Campbell, 
1993) that contains the microfibril-forming collagen type VI. The force generated by myofibril 
contraction is not only transmitted to the tendon via the myotendinous junction, but also 
through the endomysial and perimysial tissue. It is evident that any disturbance of the 
described protein-protein interactions might cause muscle weakness. It is therefore that we 
have undertaken this study on the expression and localization of sarcomeric, cytoskeletal and 
extracellular matrix components of diseased muscle. 
Desmin disorganization as a marker for congenital myopathy 
One of the most striking observations from our study is the wide-spread disturbance of 
desmin localization in CM. In all studied cases of CCD, NM, XLMTM and CNM an abnormal 
desmin distribution was observed, which could not be correlated to the presence of 
regenerating fibres. The different desmin staining patterns in CCO were described before 
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Figure 6. Centronuclear myopathy. NADH-TR (A) or immunofluorescent (B-l) staining of muscle tissue 
of patients CNM1 (A-G, I) or CNM2 (H). Sections are incubated with polyclonal anti-desmin (B,C), 
polyclonal anti-vimentin (DI, anti-fast myosin light chain (E), anti-laminin IF), anti-collagen type VI 
(G,H) or anti-titin (I). Corresponding fibres in A and В are indicated by arrows. Note the disturbed 
desmin pattern (arrow in C) in the centre of a longitudinally sectioned fibre. Bar = 50 μπ\ (A,B,C,G,H) 
or lOO^m (D,E,F,I). 
(Thornell et al. 1983; Galanti et al. 1992) and are probably related to the presence of 
structured and unstructured cores (Bodensteiner 1994). In NM, abnormal desmin staining 
patterns were exclusively found in all rod-containing fibres. Our results provided however, 
further evidence against desmin as a component of nemaline rods. Our results in XLMTM 
differ from those of Sarnat (1990), in that desmin staining in the centre of the fibres was 
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much stronger when compared to the periphery, while Sarnat reported an overall staining of 
muscle fibres. The desmin staining patterns obtained in this study correspond however, well 
to the ultrastructurally observed accumulations of intermediate filaments. The differences in 
staining patterns might result from the sensitivity of the immunofluorescence technique, or 
the specificity of the desmin antibodies. In our hands, anti-desmin monoclonal antibody D3 
stained XLMTM myofibres less abundantly than RO301 and pDes. Differential staining 
patterns of serial skeletal muscle sections with different antibodies to desmin were also noted 
by Helliwell et al (1989). Increased desmin staining in the centre of the fibre was observed in 
a number of CNM cases (Van der Ven et al. 1991 , Misra et al. 1992). This reactivity pattern 
is not found in muscle biopsies of patients with e.g. myotonic dystrophy that are also 
characterized by numerous internal nuclei (Van der Ven et al. unpublished results; Sarnat 
1992) and can thus be considered as specific for CNM. 
The abnormal desmin localization in CNM might be a result of developmental regression 
(Misra et al. 1992). The observation that nuclei centralize postnatally in some patients (Van 
der Ven et al. 1991) supports this idea. Desmin is found in a cross-striated pattern only in a 
progressed stage of myofibrillogenesis (Van der Ven et al. 1992, 1993). It is therefore 
conceivable that desmin is one of the first proteins to be redistributed during dedifferentiation 
of muscle cells. 
Age-related changes in expression of differentiation markers In XLMTM 
In XLMTM patients skeletal muscle fibres show features of immaturity and it was therefore 
suggested that the disease is associated with a partial arrest of morphogenesis (Sarnat 
1990). On the one hand, the presence of vimentin and embryonic myosin, and the 
distribution pattern of desmin as described in the underlying study, point to a deranged 
process of maturation. On the other hand, our results confirm the observation that XLMTM 
myofibres are mature in other aspects of development, e.g. differentiation of fibre types 
(Sarnat 1990; Sawchak et al. 1991; Soussi-Yanicostas et al. 1991). The normal alignment of 
adjacent myofibrils (Sarnat 1990), results in a cross-striated pattern upon staining with 
anti-desmin and anti-titin antibodies and provides further proof for a normal progression of 
certain maturation processes in this disease. Due to the lack of serial biopsies of XLMTM 
patients, progression of the disease and possible postnatal fibre-maturation have scarcely 
ever been studied. In two brothers, one born at 28 weeks of gestation and the other at term, 
markedly increased pathologic findings were found in the latter (Braga et al. 1990), 
suggesting prenatal progression. In one case of XLMTM described by Sarnat et al. (1981), no 
postnatal morphologic maturation was observed between the age of 5 days and 9 months. 
Examination of muscle biopsies from two other brothers suffering from XLMTM, revealed that 
the fibre diameter increases with developmental age (Sawchak et al. 1991), implicating that 
XLMTM muscle fibres mature postnatally. Our studies concerning 4 XLMTM patients that 
vary in age from 1 week to 4 months, and whose biopsies show an age-dependent 
down-regulation of vimentin and embryonic myosin, support the suggestion that XLMTM 
muscle matures postnatally. However, it cannot be excluded that the time point of 
maturational arrest varies in individual patients. 
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ТаЫе 3. Distribution patterns of the htermediate flament proteins desmin and vimentii. and of the different myosin »of orne h the 
of congénital myopathy 
Patient 
CCD1 
CCD2 
CCD3 
CCD4 
CCD5 
NM1 
NM2 
NM3 
NM4 
NM 5 
XLMTM1 
XLMTM2 
XLMTM3 
XLMTM4 
CNM1 
CNM2 
D w n n 
strong stammg of aggregates in coree 
moat cores negative with a 
fluoré·cent demarcation 
core· negative to strongly stained; 
often atavi mg of aggregates 
core· negativa or with aggregate·, 
fluorescent demarcation of coras 
ai most cores staining of aggregates, 
fluorescent demarcation of cores 
patchy to diffuse overall staining of 
most fibres 
disturbed m some email fibres 
increased staining of most fibre· 
organization exclusively disturbed m 
•mall fibres 
organization disturbed m most fibras, 
presence of core Eke structure· 
strong central staining in > Э 0 % of 
the fibres, cross et nat tone 
strong central staining m > 9 0 % of 
the fibres, cross stnations 
strong central staining m most small 
and some large fibres 
strong central staining in > 9 0 % of 
the fibres, cross-etnations 
organization disturbed in most β ma H 
fibres 
organization disturbed in numerous 
fibres 
Vanentm 
no stammg of muscle fibres 
strong staming of endomysium 
and remnants degenerated fibres 
no staming of muscle fibres 
no staining of muscle fibres 
no staming of muscle fibres 
diffuse stammg of especially 
small fibres 
no staining of muscle fibres 
no stammg of muscle fibres 
no staining of muscle fibres 
no stammg of muscle fibres 
strong central stammg m most 
•mall fibres; cross stnations 
strong central stammg m smal 
fibras 
central stammg m < 1 0 % of the 
fibres 
central stammg m very few small 
fibras 
no stammg of muscle fibres 
punctate stammg m several fibres 
Slow/fast myosm 
almost exclusively ( > 9 9 % , »low-twitch 
fibres 
ей fibres s low-twitch 
aR fibres slow-twitch 
prédominance ( > 9 Э % ) of stow twitch 
fibres 
predominance (80%) of slow-twitch fibres, 
cores exclusively m elow-twach fibras 
smell fibras predominantly fast twitch, large 
fibres predominantly slow-twitch 
•mall fibres predominantly sbw-twrtch, 
large fibres predominantly fast twitch 
predominane· of slow twitch fibra« 
( > 9 5 % ) , few amai fast-twitch fibres 
large fibres exclusively fast-twrtch, email 
fibres exclusively slow-twitch 
ATPase* predominance ( > 9 9 % ) of 
elow-twrtch fibres 
normal differentiation m fast-twitch and 
slow twitch fibras 
normal differentiation η fast-twrtch and 
•low-twit с h fibres, fast-twtch fibres emafler 
normal differentiation m fast-twitch and 
slow twitch fibres 
normal differentiation m fast-twrtch and 
slow-twitch fibres 
small fibres > 9 0 % slow-twitch, 
prédominance of slow twitch fibres 
normal differentiation m fast-twitch and 
slow twitch fibres 
Embryonic myosm 
only 1 positive fibre 
опту few К 1%) positiv· fibres 
no positive fibres 
no positive fibres 
no positive fibres 
smal fibres often, large fibres 
somatenes itemed 
no positive fibres 
very few positive fibres 
no positive fibres 
nd 
negative to strongly positive 
fibres throughout biopsy 
negative to strongly positiva 
fibras throughout biopsy 
negative to strongly positiva 
fibres throughout biopsy 
few positive fibres 
few positive fibres 
no positive fibres 
Abbreviation nd not done 
Tabi« 4. Distribution pattern· of the basement membrane components laminln and collagen IV and the 
reticular layer constituent collagen VI 
Patient 
CCD1 
CCD2 
CCD3 
CCD4 
CCD6 
NM1 
NM 2 
NM3 
NM4 
NM 6 
XLMTM1 
XLMTM2 
XLMTM3 
XLMTM4 
CNM1 
CNM2 
Laminin/collagen type IV 
normal 
Increased ежртеавюп around muscle fibres 
and blood vessel«; expression of collagen 
type IV in perimysium 
normal 
slightly increased reactivity 
normal 
increased expression around muscle fibres 
and blood vessels; expression of collagen 
type IV in perimysium 
normal 
Increased expression around muscle fibres 
end blood vessels; expression of collagen 
type IV in perimysium 
nd 
nd 
nd 
slightly increased etainlng around muscle 
fibres and blood vessels 
slightly increased expression; expression 
of collagen type IV in perimysium 
nd 
normal 
Increased expression around all muscle 
fibres end blood vessels 
Collagen type VI 
endomyeia! staining slightly mcreaeed 
Increased staining of sndomyslal and 
perimysial connective tissue 
normal 
slightly Increased reactivity 
normal to slightly increased reactivity 
aU fibres embedded in Increased amounts 
of strongly stained connective tissue 
normal 
slightly Increased reactivity 
nd 
nd 
nd 
slightly mcreaeed staining of endomyeium; 
perimysium normal 
slightly increased staining of endomyeia I 
and perimysial tissue 
nd 
normal 
increased staining of endomyeium; 
perimysium normal 
Abbreviation: nd: nol done 
Relation of clinical data with immunohistologic results: A. central core disease. 
Variations in clinical expression have been described for several muscle diseases. Some of 
these variations are the result of mutations in different genes. For example, mutations in the 
ryanodine receptor gene (Zhang et al. 1993) and the B-myosin heavy chain gene (Fananapazir 
et al. 1993), both resulting in a CCD phenotype may explain the considerable variation of 
clinical features in CCD patients. The clinical differences in CCO patients within one family 
(Byrne et al. 1982; Fidzianska et al. 1984) illustrate that the same mutation can also result in 
different clinical Phänotypes. Included in our study are a father and his daughter both with 
CCD. Although in both cases the same genetic mutation most probably underlies the 
CCD phenotype, clinical expressions varied considerably. Immunohistochemical experiments 
revealed that in the muscle biopsy of the severely affected daughter expression of basement 
membrane and reticular layer proteins were increased. Moreover, the daughters' muscle 
biopsy contained only slow-twitch fibres that were all affected, while the muscle biopsy of 
the father only showed a predominance of affected slow-twitch fibres. The presence of 20% 
non-affected fast-twitch fibres might explain the relatively mild symptoms in the father. In the 
biopsies of other investigated CCD patients, that were all clinically affected in early 
childhood, very few, if any, fast-twitch fibres were present. Moreover, the muscle biopsy of 
the most severely affected patient (CCD2), showed apart from necrotic fibres and 
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replacement of muscle fibres by adipose tissue, also increased expression of basement 
membrane and reticular layer proteins. 
Relation of clinical data with immunohistotogic results: B. Nemaline myopathy. 
When immunocytochemical data are compared with the phenotype in NM, three subgroups 
should be discerned, ι) the neonatal; n) the moderate congenital; and in) the adult onset form 
(Shimomura and Nonaka, 1989; Bodenstemer 1994). Obvious signs of immaturity were 
observed in the biopsies of patients with the severe neonatal form, like the presence of 
several embryonic myosin and vimentin-positive fibres and the diffuse desmin distribution in 
all fibres. The desmin and vimentin staining patterns clearly differed from those in XLMTM. 
Furthermore, the severe neonatal NM cases showed an increase of laminin, collagen type IV 
and especially collagen type VI expression, associated with an unusual presence of collagen 
type IV in the perimysium. This was particularly obvious in case NM3. These patterns were 
not observed in an age-matched, much less affected patient with the moderate congenital 
form of NM Muscle weakness in NM patients was reported not to be associated to the 
number of rods, but to the degree of predominance and/or atrophy of slow-twitch fibres 
(Bodenstemer 1994). In our cases the severly affected adult-onset NM patient shows a high 
predominance of slow-twitch fibres, while in the adult patient with mild symptoms distinctly 
less slow-twitch fibres were observed This observation supports the suggestion of 
Shimomura and Nonaka (1989) that progression in NM is associated with an ongoing change 
of fibre types from fast-twitch to slow-twitch. In this respect, it is interesting to note that 
both. Volpe et al. (1982) and Miike et al. (1986) provided indications for a change of myosin 
expression from fast to slow in NM. 
Halation of clinical data with Immunohistologic results: C. Myotubular/centronuclear 
myopathy. 
When compared to other types of CM, XLMTM patients are a relatively homogenous group 
with a high mortality rate (Bodenstemer 1994). Our immunohistochemical findings are 
relatively uniform and, apart from the differences already discussed, in accordance with the 
literature as far as IFPs and myosin isoforms are concerned (Sarnat 1990; Sawchak et al. 
1 9 9 1 , Soussi-Yanicostas et al. 1991) Notable is the increased expression of collagene type 
IV and VI as well as laminin in this severe type of myopathy A correlation between an 
increased expression of extracellular matrix proteins and the severity of CM, is also supported 
by our finding that in one of the CNM cases, in contrast with a second, less-affected case, 
high amounts of these constituents were found. Furthermore, the muscle biopsy of the 
former patient showed abnormalities in both fibre types as well as the presence of vimentin 
aggregates in numerous fibres, while in the biopsy of the latter, all fast-twitch fibres were 
unaffected, and no vimentin was detected in any of the fibres. 
Conclusions 
The molecular phenotype of pathologic skeletal muscle fibres in CM can be severely disturbed 
when compared to normal myofibres Intra- and extracellular changes in the expression and 
organization of structural proteins can however vary considerably between different types of 
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CM, but also within one type of CM. Correlations between these changes at the molecular 
level on the one hand, and the clinical phenotype on the other hand were observed. In case 
of fibre type-specific defects, the percentage of non-affected fibres could be correlated with 
clinical presentation. These fibres may compensate for the weakness caused by the affected 
fibres. Severe clinical Phänotypes are accompanied by an increased deposition of basement 
membrane and reticular layer proteins, implicating that these compartments may play a role in 
the development of muscular weakness. We can, however, not exclude that this increase 
represents the result of the course of the disease. The age-related differences in expression 
of embryonic myosin and vimentin in biopsies of XLMTM patients are either the result of 
postnatal maturation, or a variable time-point of maturational arrest in individual patients. The 
disturbed desmin staining patterns seen in our patients are unique for each type of CM and 
appear useful for diagnostic purposes. 
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Summary. This r e p o n describes a phenotyptng study o f 
d i l l c r c m i i t l i n g h u m a n skeletal muscle cells in tissue cu l­
ture Satellite cells (adult myoblasts), isolated from 
biopsy mater ia l , showed a prohleral tve behaviour in 
h i g h - n u l n l i o n m e d i u m , but luscd to l o r m myolubes 
when grown in l o w - n u t r i t i o n medium The expression 
and structural organizat ion o l the intermediate f i lament 
proteins desiniti and v imenl in as well as the sarcomere 
constituents a-aclin, i - u c l i n i n , ncbuhn, myosin and 
especially l i t u i d u r i n g myonbri l logenesis in v i t r o , were 
studied by means o l indirect immunofluorescence assays 
The pro l t lera l ing myoblasts contained b o t h desmin and 
v imenl in . a-aclimn and the f i lamentous f o r m o f acini 
Short ly alter the change ol m e d i u m , expression ol l i n n , 
sarcomenc myosin and skeletal muscle з-ucl in was f o u n d 
in mononuclear cells in a di f luse, l i lamenlous ( l i l t n , 
myosin, α-actin) or punctate ( U l m , myosin) pattern 
hour to 10 days after the medium change, mature m y o ­
lubes showed desmin, U l m , a-acl inin, nebulm, sarcomer-
ic myosin and acl in cross-slrialtons, whi le v imenl in was 
no longer detected We conclude that human skeletal 
muscle cell cultures are an appropr iate model system 
to sludy the molecular basis o f myofibr i l logcncsis 
1 specially the presence ol desmin in a striated fashion 
points to a high degree o f m a t u r a t i o n o f Ihc muscle 
cell cultures 
Key words: Skeletal muscle cells Myof ibnl logcnesis 
Intermediale f i laments T i l í n Nebu lm Myos in 
x -Ac l in in Human 
In striated muscle tissue contract i le properties result 
from a strictly defined o igan i / a l i on ol lunc l ional pro-
teins in the myof ib r i l la r sarcomere (Hsch i i ian 1986, Ep-
stein and Kischman 1991) Some o f these proteins, l ike 
acini and myosin, actually drive cont rac t ion, while other 
constituents are known lo l ink contract i le proteins to 
С urn \ptnith m e lo Р И М van der V i n 
each other (α-acl inin, myomesin), or to keep sarcomcies 
in register by l i n k i n g myof ibr i ls to each oi l ier οι to the 
sarcolcmma (desmin) (h ischman 1986) In this way, the 
generated contract i le m o m e n t u m w i t h i n each fiber can 
be guided to result in coordinated muscle c o n t r a c t i o n 
T w o o f the most recently discovered m y o f i b r i l l a r consti­
tuents are the giant proteins Htm ( M a r u y a m a et al 1976) 
and nebulm (Wang and Ramirez-Mitchel l 1980) The 
elastic Ulm fi laments are thought to play an i m p o r t a n t 
role in preventing striated muscle f r o m over-stretching 
( M a r u y a m a el al 1984), in regulat ing thick f i lament 
length ( W h i t i n g et al 1988). and in mainta in ing the 
al ignment o f myosin f i laments ( H o r o w i t s and Podolsk y 
1987), whi le the inextensible nebulm fi laments probably 
regulate t h i n f i lament length ( K r u g c r et al 1991, Jin and 
Wang 1991) 
It is obvious t h a i d u r i n g myof ibnl logcnesis, the or­
der ing o f d i f l e r c n l sets ol p io lems should occur very 
precisely and in an ordered sequence Several in v ivo 
and in v i t ro studies have been per lonr ied, in which 1 he-
expression and local izat ion ol specific m y o f i b r i l l a r and 
intermediate f i lament proteins ate described d u u n g sev­
eral stages o f myogencsts m heart and skeletal muscle 
(reviewed in Ful ton and Isaacs 1991) The conclusion 
ol these authors is lhat n u n and not desini l i , as suggested 
earlier by G a r d and Lazaridcs (1980). is the most l ikely 
candidate for an i m p o r t a n t organizer d u u n g m y o f i b r i l 
logenesis Several c o n t r a d i c t o t y observations w i t h le­
speet to myof ibr i l logcncsis have been described, while 
many aspects sti l l ι emani uncleai ( l u l t o n and Isaacs 
1991) We have m o n i t o r e d in v i t ro d i l l e i e n l i a t i o n o l , ιη-
cural ly cul tured h u m a n skeletal muscle cells, and charac­
terized d i f lerenl steps in this process by using antibodies 
to the intermediate f i lament proteins (Ir-P s) desmin and 
v i m e n l i n , next to the m y o f i b r i l l a r proteins x-acl in in, l i ­
n n , nebulm, myosin and α-ас t in 
The a im o l this study, therefore, was to examine to 
what extent m a t u r a t i o n in h u m a n skeletal muscle cell 
cultures proceeds under o p t i m a l condit ions o l g i o w t h 
and dt f lerent ia l ion O n the basis o l exptession and o i g a -
mzat ion o f s l ructuta l constituents we tested whether 
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Miese cells show a sufficiently high degree of maturation 
lor use ш studying human myotìbnllogenebis 
Malcriais and methods 
Musile tell tuitures 
Stuellile tells were isolated I rom muscle biopsies obtained during 
гссопмгисіі\с oithopcdic surgery I rom patients without known 
muscular disease using trypsin and collagcnasc essentially accord-
ing to \ а м п u .il ( 1 ^ 7 7 ) and Benders u al (1991) The obtained 
cell suspension was Tillered (30-μπτ nylon mesh) lo remove possible 
intact myofibers and seeded in 0 35-mm culture dishes (Costar. 
Cambridge. M A , U S A ) in 2 ml Dulbccco's modified haglc's medi 
u i i K D M I M , Gibco U R I . Paisley, U K ) u m l a i n m g 2 0 % letal calf 
scrum (I lyC lone I aboralones. I I I L , Logan. U T , U S A ) , 2 % chick 
embryo c u r a c i (I low I ahoi alones. Irvine. U K ) , 2 m M gluiamine 
(Giben U R I . Paisley, U K ) 100 U/ml penicillin (Gibco B R L , Pa­
isley. U K ) and I ug ml streptomycin (Ci ι beo U R L , Paisley, U K ) , 
and grown lo about 8 0 % conllucnce in a humidified incubator 
(lleraeus Hanau I R C J ) a( 37 e C and 5 % ( ' O a Then cells were 
irypsini/ed and resecded in 0 35-mm culture dishes al a mammal 
spiti rado ol I 6 Cells were lro/cn in liquid nitrogen in culture 
medium complemented with 1 0 % D M S O (Merck, Darmstadt, 
I K< i) alter i i)psiui/aiion I or indirect immunofluorescence exper­
iments these cells were (hawed cjuickly. grown to near conllпенсу 
in 0 35-inni culture dishes, irypsinimJ and resceded o m o 10-wcll 
muliispot microscopic slides (Cel-hne Associates Inc. Ncwllcld. NJ, 
U S A ) Alter 16 24 h (he medium as described above, was replaced 
by an U h roter G (Ctihco U R L , Paisley, U K ) containing culture 
medium described by Holders el al (1991), except thai Ihe rat 
brain extract was replaced by human brain extract (HBt- sec be­
low) Dillcrciiiiation of the muscle cells normally occurred upon 
confiuency hul was in most experiments induced before myoiubes 
became usible b> changing the high-nutrition culture medium io 
a low-iiutriiion medium ( D M I M . 0 4 % Ullroser G . 5 % I I B h , 
gluiamine and antibiotics) just bel ore the cultures reached con-
lluency The medium was changed every 3 days During differentia­
tion every 3 d.i>s half ol the medium was icplaced by fresh medi­
um l o r cell Iraciionation experiments, cells were cultured in 
75 cm* tissue culture flasks (( oslar, ( ambndge. M A , U S A ) 
Human brain extract ( I I B I ' ) was prepared by homogenizing 
normal, adult tissue ol the Ironial lobe of the cerebral cortex ob­
tained at autopsy 1 h alter death, m D M L M . using a Pol le Γ­
Ι Kch|cni glass-tellon homogem/er and a pesile with a clearance 
of 0 05 mm Alter ccntnlugalion ol Ihe homogenate lor I h at 
l 0 0 D 0 0 x # . (he supcrnalanl was stored al - 7 0 ° С Helore use, 
the brain exliaci was sienli/ed using a 0 2 μιτι lì lier (Schleicher 
& Schucll, Dassel. I K G ) I he concentration ol 11 HI* in the culture 
media was equivalent lo 10 mg (issue per ml medium 
Musile ¡issue spvi ¡men for inintunolustochemistrv 
Ihe skeletal muscle (issue used lor our iinniunohislochcmical study 
was obtained at autopsy ol a I day old boy without known muscle 
disorder I lie child was born after a pregnancy ol almost 28 weeks 
lniiiHinolusii>chemisiry was carried out logelhci with routinely per-
formed Imiopathological staining lor diagnostic reason I h e tissue 
was lro/cn in liquid nitrogen ι in med lately alter dissection 
Indued imnntnofluorescenie assay* 
Muscle cells cultured on glass slides were briefly rinsed in phos­
phate bullcred sahne (PHS) and fixed in methanol ( - 2 0 ° C . 30-
Ы) s) and acetone ( - 2 0 ° L, 5 lOsJal several lime intervals lollow-
ing ihe medium change When not immediately tested, the slides 
were lro/cn at - 2 5 ° С alter air diying С ryoslat ι issue sections 
(6 μηι thick) were air dried and treated lor 1(1 mm wiihO 5 % I n t o n 
X I 0 0 in PHS Bcloie incubation the sections were rinsed in PHS 
The cells иг tissue sections were incubated with the primai у anti­
body lor 30 min al room temperature Alter extensive washing 
lor 30 mm m PHS they were incubated with lluorcsccinc isothio-
cyanalc-conjugalcd rabbit anii-mousc Ig or swine anii-rabbn Ig 
(Dakopaits. Giosi nip, Denmark) Ihe slides were washed again 
ш PUS and mounted in Gelvalol (Monsanto, Si Louis, M o , U S A ) 
Slides were viewed with a Zeiss Axioskop microscope with epifluor­
escent illumination (Carl Zeiss, Oberkochen. I R G ) Pictures were 
taken using 400 ASA T M Y film (Kodak, Rochester N Y . U S A ) , 
using an automatic camera 
Antibodies and reagents 
The following monoclonal and polyclonal antibodies were used 
in this sludy ( I ) 9 D I 0 , a mouse monoclonal antibody (o litui 
(Wang el al 1985), obtained from ihe Developmental Studies l l y -
bridoma Bank, maintained by the Department ol Phaimacology 
and Molecular Sciences, Johns I lopkins University. School ol M e d ­
icine, Baltimore, M d , USA, and the Department ol Biology, Uni­
versity ol Iowa, Iowa City, Iowa, USA, under contrae! N O I - I I D - 6 
2915 from the N I C H I ) (2) Mouse monoclonal antibody RV202. 
specific lor vimenim (Ramaekers el al 1987) (3) Polyclonal rabbit 
antiserum (pDcs), raised against chicken gi//aid desnim (Ra­
maekers el al 1985) (4) Alfinily-punlicd polyclonal rabbit antise­
rum (pVim), raised against bovine lens vimenim (Raivtackcis et al 
1983) These antibodies lo dcsmin and vimenim .ire available I rom 
Luro-Diagnosdcs B V , Apeldoorn, The Netherlands (5) Mouse 
monoclonal antibody V9 ( D A K O - V i m e n l m ) , purchased I rom Da­
kopaits, Glostrup Denmark (ft) Mouse monoclonal antibody 
N B 2 . specific lor nebuhn (f ürsl el al 1988). purchased lumi Sigma 
Chemical Company, St Louis. Mo . USA (7) Polyclonal rabbi! 
antiserum raised against д-aciinin, kind gilt I rom D r H Joe к use h, 
Bielefeld, F R G (8) Mouse monoclonal antibody M I 20. recogniz­
ing all lorms of s.ircomenc myosin (Hader et al 1982). kind gill 
Irom Dr D hischman, New York, N Y , U S A (9) Mouse mono­
clonal antibody sr-l, specific for striated muscle i-.iciin (Skallicl al 
1988), kind gilt Ггот Dr Ci Gabbiani, Geneva, Swil/crland 
(10) Iclramcihylrhodaminc isolhiocyanalc-lahcllcd phalloidin 
Π RITC-phalloidm. Molecular Probes Ine . Lu gene. Or, U S A ) was 
used lor staining ol filamentous achn (I -acini) 
Cell frai tumatton. gel elei trophoresis. 
and unmunobhtting 
Human skeletal muscle cells, grown in 7 S c m J tissue culture Masks 
as described above, were collected and the cyloskelcial haction 
was piepaied as descubed (Schaarl ci al 1991) Polyacrylamide 
(PAA)gel-elccliophorcsisol cell Iractioiis enriched lor cyloskelcial 
proteins, staining ol the gels and innnunohloiiing were earned oui 
essentially as described (Schaarl el al 1991), except that 7 % οι 
1 0 % PAA gels were used wilh a 3 % PA A slacking gel Migli­
ami low-inokculai-weighl markers (Phann.icia I K H Biotechno­
logy AH, Uppsala. Sweden) were used to identity the molecular 
weights ol the scjiaialcd proiems 
Results 
Charailertzatton of antibody reailivH\ patterns 
in human skeletal musi le 
Since ihe spécifialy ol sonic ol the antibodies used was 
not known for human tissues, (lie tcaciivny pallcins ol 
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Ιιμ Ι Λ-ΙΙ. lininunoiluorcsccncc micrographs of neonatal human 
тимНс tissue scellons incubated with antibodies tu з-aclinin (A), 
desinili (H), titln (С, bij, nebuliil (l>). myosin (К) and vimentin 
(G), or stained with TRITC-lubcilcd phalloidm (II) Bar 
(V), 13 м т (A, B, E, II). 17 μηι (I), <;). or 20 μηι (II) 
IO l in i 
I he antibodies' were established in normal premature hu­
man skeletal muscle Sections ol' the biopsy material, 
described above, showed a striated pattern with all the 
applied antibodies, except lor sr-1. The antibodies to 
2-aclinin (Fig. 1 A) and desmin (Fig. 1 B) showed a dis­
crete striated staining pattern with fluorescence at regu­
lar intervals The litin antibody 9DI0 (Fig. 1С, E), the 
tubulin antibody NB2 (Fig I D), and the myosin anti­
body MF20 (Fig 1 F) displayed a doublet banding pat­
tern, the first two antibodies showing discrete lines, and 
the latter staining a somewhat broader region of the 
sarcomere. RV202, the monoclonal antibody to vimen-
Iti), strongly stained blood vessels and interstitial tissue, 
and also muscle libers, resulting in a slrialion, albeit 
to a much lesser extent (Fig. IG). This striated pattern 
was also seen with V9, a second vimentin monoclonal 
antibody, as well as with pVim, a polyclonal antiserum 
to vimentin (nol illustrated) Staining with TRITC-phal-
loidin resulted in a reactivity pattern with alternating 
strong and weak fluorescent lines (Fig. IH). No clear 
reactivity was observed with the sr-1 antibody to striated 
muscle specific a-aclin. Fxcept for the vimentin anti­
bodies, the reaction patterns were equal to those in adult 
human muscle (not illustrated). 
Muscle cell cultures 
Differentiation of the initial spindle- to polygonal-
shaped skeletal muscle cells in culture (Fig. 2A) was ini­
tiated when the cultures reached confluence, or when 
the culture medium was changed to a low-nulnlion me­
dium. Within 1 day after the change of medium, the 
cells started to elongate and fused to form syncytia, often 
with clusters of nuclei (see below). Subsequently these 
syncytia maturated gradually: long myotubes were 
formed, and nuclei were often translocated from a more 
central position (Fig. 2B) to the periphery ol' the myo­
tubes (Fig. 2B, C). Eventually cross-striations visible 
with phase-contrast optics developed (Fig. 2C). 
Proliferating myoblasts 
The human skeletal muscle-derived cells, grown in high-
nutrition culture medium and fixed before reaching con­
fluence, showed a filamentous staining pattern with the 
desmin antiserum m more than 9 5 % of the cells 
(Fig. ЗА) and with the vimentin antibody in virtually 
all cells (Fig. 3 B). A periodically interrupted, stress fiber-
like reactivity pattern was observed alter an incubation 
with TRITC-phalloidin (Fig. 3C) or the antiserum to 
tx-actinin (Fig. 3D). The antibodies to litin, nebulin. 
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hig. 2 Α-ί'. Phase-contrast micrographs of aneurally cullured hu­
man skeletal muscle cells A Proliferating cells. В young myolubes 
cs iili predominantly centrally located nuclei {arrowheads)', С ma-
lure, contracting myolubes with cross-slnations [arrows) and pe­
ripherally located nuclei {arrowheads). Bar KM) μηι (A, B>. or 
50 μηι (С) 
Mg. 3. Immunofluorescence micrographs of proliferating human skeletal muscle satellite cells incubated with antibodies to desinili (A), 
vimentm (B). and z-aclinin (O). or stained with TR1TC -labelled phalloidin (C). Bar 75 μηι 
myosin und striated muscle a-actin did nol stain the 
myoblasts. 
Νυη-proHferal'mg. elongated mononuclear evils 
Shortly (I lo 2 days) allei the medium change, when 
the human skeletal muscle cells had elongalcd. they were 
tested lor the presence of the proteins recognized by 
our panel of antibodies and reagents. Longitudinally ori­
ented stress liber-like structures were stained in a period­
ically interrupted pattern with the i-uclinin antiserum 
(Fig. 4A) and with TRITC-phalloidin (Fig. 41)). A rela­
tively low number of cells showed a similar reactivity 
with the antibodies to striated muscle α-aclin. accompa­
nied by a diffuse staining of Ihe cytoplasm (Pig.4B). 
The reaction patterns of the antibodies lo desiniti 
(Fig 4C) and vimentm (Fig 4Ci) remained filamentous. 
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lubie 1. Impression pudern of muscle dif­
ieren nu lion markers during human myofi-
brillogencsis 
Antibody/ 
reugen I 
Polyclonal 
α-act inin 
sr-1 
ρ Des 
T R I T C -
phulloidin 
M K 2 0 
N B 2 
R V 2 0 2 
9 D 1 0 
Antigen 
oc-Actinin 
Striated muscle 
specific α-act i η 
Desmin 
F-üciin 
Sarcomeric 
myosin 
Nebulin 
Vimcnlin 
TU i η 
Pro 1 i fera l ing 
myoblasts 
Stress fiber-like 
Negative 
Filamentous 
Stress liber-like 
Negative 
Negative 
Filamentous 
Negative 
Non-proliferating, 
elongated myoblasts 
Stress fiber-like 
Diffuse/ 
stress fiber-like 
Filamentous 
Stress fiber-like 
Diffuse/punctate/ 
filamentous 
Negative 
Filamentous 
Diffuse/ punctate/ 
filamentous 
Maturated 
myolubcs 
Cross-striated 
Diffuse/ 
stress fiber-like 
Cross-striated 
Cross-stiialed 
Cross-striated 
Cross-striated 
Negative 
Cross-slrialcd 
These filaments, however, were oriented more length­
wise. In addition to longitudinally oriented filamenls, 
the uniibody to myosin now also stained cytoplasmic 
spots, which seemed associated with these filaments, of­
ten together with a diffuse cytoplasmic staining 
(Fig. 4E). The antibody to nebulin was negative in these 
cells (Fig. 4F). The titin antibody showed a dilTuse, 
punctate or filamentous reactivity. These titin reaction 
patterns will be described below in more extent. The 
number of cells expressing muscle-specific proteins var­
ied per experiment and was dependent on the exact mo­
ment of fixation after the medium change. 
Munire myotuhes 
When the human skeletal muscle cells were cultured in 
low-nutrition medium for 4 to 10 days, the cultures con­
tained numerous long myolubes consisting of fused 
myoblasts and containing up to SO nuclei. Most of these 
myolubcs showed a cross-striated pattern with the poly­
clonal antibodies to a-aclinin (Fig. 4H). Such a banding 
pattern was also observed in a majority of the myolubes 
when F-aclin was stained with TRITC-phalloidin 
(Fig. 4K). The monoclonal antibodies to myosin 
(Fig. 4L), nebulin (Fig. 4M) and titin (see below) now 
also delected a typical cross-striated distribution pattern 
lor these constituents. Desmin cross-slriation was also 
seen at this stage of myotube differentiation (Fig. 4J), 
although less frequently than for the other muscle-specif­
ic proteins. The antibodies against myosin, titin and ne­
bulin revealed regularly arranged doublet banding pat­
terns, while the antibodies to a-aclinin and desmin as 
well as the TRITC-phulloidin reagent stained discrete 
lines wilh a relatively constant distance. The antibody 
to striated muscle a-actin showed a staining pattern com­
parable wilh that in mononuclear cells. Longitudinally 
oriented fibrils were stained, while a dilTuse reactivity 
in the cytoplasm was also seen (Fig. 41). The expression 
of vimcnlin as seen with antibody RV202, was dramati­
cally decreased in mature myolubes (Fig. 4N; arrows). 
Tilín distribution during several stages 
a/human muscle cell differentiation in culture 
Proliferating human myoblasts were negative for 9DI0. 
the monoclonal antibody to titin. Soon after the change 
to low-nutrition culture medium, isolated cells thai had 
become spindle-shaped but not yel elongated, showed 
a diffuse staining pattern, including a punclalc titin lo-
calization in close proximity to (he nucleus (Fig. 5A). 
In cells aligning prior to fusion, the same reactivity pat-
terns were observed. However, the localizaiion of ihe 
spots was more uniformly spread throughout the cyto-
plasm (Fig. 5 B). Following cell-fusion these spots 
seemed to associate with longitudinally oriented fibrils 
(Fig. SC), most probably the stress fibers. Λ filamentous, 
stress-fiber-like titin reaction pattern was visible in some­
what further differentiated polynuclcar cells (Fig. SD, 
E). The latter two reactivity patterns were also observed 
in some elongated mononuclear cells. Subsequently, 
short stretches of myofibrils developed showing the typi­
cal striated doublet staining pattern of titin (Fig. SF). 
During further differentiation and growth the number 
of myofibrils in Ihe myolubes increased (Fig. SG), align­
ing and filling most of Ihe cytoplasm, and resulting in 
a reaction pattern more or less comparable wilh inaline 
myofibers in tissue sections (Fig. SH). 
Polyacrylamide gel electrophoresis 
Fractions enriched lor cyloskclclal proteins from prolif­
erating human satellite cell cultures and from cultures 
showing large numbers of maturated myolubes, were 
fractionated on 10% Polyacrylamide gels. Specific pro­
teins could be identified by Ihcir well-characterized mo­
lecular weights. Cells from proliferating cultures con­
tained relatively small amounts of a-aclinin, desmin and 
actin, while vimentin was present in large quantities 
(Fig. 6, lane A). Cultures lhal were diffcrenlialed for 6 
or 7 days, showed an increased expression of a-aclinin 
and actin. The vimenlin: desmin ratio was dramatically 
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Kif·. 5 A—I i. Iinmuiiolluoresccncc micrographs of different stages of differentiating muscle cells (see text), incubated unii ihc antibody 
lu nun Uur 50 μιη (Λ, Β, Ι), F, G, II). or 40 μπι (C, Ε) 
Fig. 4. immunofluorescence micrographs of postmitotic mononuc­
leate^ myoblasts alter change lo low-nutrition medium (Α-G) and 
of mature, fused myolubes (H-N) incubated with the antibodies 
to 3-actiiun (A, II). striated musclc-spcofic x-actin IB, I), desmin 
1С, J), myosin f l · . I.), uebulin (F, M). and vimentin i t., N). or 
stained with TRITC'-labcllcd phalloidm (I), K) Note the vimentin-
negative myotubc m N [arrows). Bur 5Ü μηι (Α-M), or 25 μηι 
(Ν) 
decreased, while myosin and t r o p o m y o s i n were only 
found in detectable amounts in dif ferentiated cells 
(F ig. 6, lane B). However, unident i f ied proteins, exclu­
sively expressed in di f ferent iated cells, were observed 
w i t h i n the stacking gel (not i l lustrated). Considering that 
the molecular weights o f these proteins exceeded that 
o f myosin by far, we expect them to represent l i t i n and 
nebul in. 
75 
2 î 2 -
-67 
-43 
Fig. 6. Gel-eleclrophoresis (-4, β) 
and immunoblolling (C-G) of 
cyloskeleton-enriched fractions of 
proliferating (lane A, lanes C-Op) 
or differentiated (lane B, lanes C-
GJ) human skeletal muscle cells. 
The positions of molecular weight 
markers for A and tí are 
indicated on the left, and for 
lanes C-G on the right. 
Arrowheads point to cyloskeletal 
proteins identifiable by their 
molecular weights. M Myosin 
heavy chain, 200 kD; Al α-
actinin, 100 kD; И vimentin, 
57 kD, D desmin, 53 kD; A2 
actin, 43 kD; Τ tropomyosin, 
36 kD. Fractionated proteins 
transferred to nitrocellulose were 
incubated with the antibodies to 
sarcomcric myosin (Q, ct-aclinin 
(/>), vimentin (£'), desmin (λ), or 
striated muscle specific oc-aclin 
(G) 
llnmunohloltmg 
Our results from immunofluorescence studies were con­
firmed by immunoblotting assays using antibodies to 
myosin, x-aclintn, vimentin, desmin, and striated muscle 
oc-aclin. Sarcomeric myosin (Fig. 6C) as well as striated 
muscle oc-aclin (Fig. 6G) were exclusively detected in dif­
ferentiated cultures, while an incubation with the anti­
bodies to oc-actinin (Fig. 6D) and desmin (Fig. 6F) re­
sulted in significantly stronger reactions in the lanes con­
taining differentiated cells compared to the lanes occu­
pied by proliferating cells. Vimentin was detected in 
equal amounts in both stages of differentiation. 
1989). This result indicates that our cultures contained 
mainly muscle cells. Desmin-negative cells probably rep­
resented fibroblastic cells. The presence of desmin as 
well as vimentin in the muscle cells is comparable to 
the in vivo situation where during early stages of myo-
genesis these IFPs are co-expressed in muscle cells (Sar-
nat 1990; Barbel et al. 1991). The initiation of desmin 
synthesis in proliferating mouse and rat myoblasts in 
vitro has been described previously (Hill et al. 1986; Al­
len et al. 1991). Immunofluorescence assays and gel-elec-
trophoresis- and immunoblotting-experiments showed 
that striated muscle-specific x-actin, titin, nebulin, and 
sarcomeric myosin were absent in these cells. 
Discussion 
In this study we have attempted to answer two main 
questions: ( 1 ) What final stage of differentiation can 
non-innervated human skeletal muscle cells reach in cul­
ture under optimal conditions? This matter was ap­
proached by using the expression and organization of 
certain muscle-specific constituents as markers for cer­
tain stages of muscle cell differentiation. (2) How is titin 
organized during the different stages of in vitro muscle 
cell differentiation? In particular we were interested in 
the very first signs of titin expression, its organization 
at that stage and the further rearrangements up to the 
fully striated organization. 
Most muscle-specific proteins ure absent 
in proliferating satellite cells 
Proliferating satellite cells were stained by the antiserum 
to desmin, as might be expected from the fact that des­
inili stains activated satellite cells in vivo (Helhwell et al. 
Muscle-specific protein expression 
After elongation of the cultured human skeletal muscle 
cells they remained desmin- and vimentin-positive, al­
though the IFP-filaments changed to a more longitudin­
ally oriented pattern, as was also seen in "differentiat­
ing" BHK-21 cells (Schaart et al. 1991). In contrast lo 
titin, sarcomeric myosin and striated muscle-specific oc-
actin, nebulin expression was not found in these cells, 
indicating once more that during myogencsis not all 
myofibrillar proteins are co-expressed at all stages of 
differentiation in vitro. At this stage and more differen­
tiated stages, we never observed cytoplasmic spots with 
any antibody except for the titin and myosin antibodies. 
This indicates that during human myofibrillogenesis, I-
Z-l complexes of titin and oc-actinin, and Α-band com­
plexes consisting of myosin and associated proteins (Ep­
stein and Fischman 1991) do not develop from these 
spots as observed in chicken skeletal muscle cultures 
Tokuyasu and Maher 1987a, b). 
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A hieb degree о/ maturation о/ the mua le ι ell ι iillures 
ti tmlu tiled b) ¡lesinili iross-slriulion 
Maturity ol the human muscle cell cultures was tested 
by incubation of the cultures after 4 10 days lollowing 
the change to low-nulrition medium The process of 
down-regulation of vimenlin paralelled by an uprcgula-
lion ol desmin as the main IFP in vivo (Tokuyasu el al 
1984, Barbel el al 1991) is mimicked in vitro In the 
most mature myotubes no vimentin was detected, while 
desmin showed a cross-slnation in varying numbers of 
myotubes However in our cultures no vimentin cross-
stnalion was observed at any developmental stage (see 
below) The antibodies to a-aclmin, myosin, nebuhn and 
Htm, as well as the TRITC-phalloidin all showed cross-
slnations Ί he fact that desmin organized in cross-slna-
lions, which was reported earlier to occur only in human 
skeletal muscle cell cultures when co-cultured with neu­
ral tissue (Mcherrin et al 1990), indicated a high degree 
ol maturity ol the myotubes The altered vimentin des­
min ratio and the upregulalion of several muscle pro­
teins could be confirmed by gel-elcclrophoresis and 
immunoblotling experiments 
litui expression during human mvo/ihrtllogenesis 
In low-nutrition medium the mononuclear muscle cells 
alter their morphology The spindle-shaped or polygonal 
cells tend to elongate before fusion and lurther dilfcrcn-
lialion Besides desmin, titin was the only muscle-specific 
protein detected in non-elongated cells in a diffuse to 
punctate pattern These results confirm observations in 
skeletal muscle cell cultures derived I rom other species 
(Hill et al 1986, Colley et al 1990) and in vivo studies 
with embryos from mice (Schaart et al 1989) and rabbits 
(Van der Loop el al 1992) Tilín is one of the first typical 
myofibrillar proteins expressed in differentiating muscle 
cells During maturation the spot-like tilín reactivity, 
indicating ti tin aggregates, changed 1 rom a random dis-
tribution lo a localization associated with fibrils, prob-
ably stress fiber-like structures The latter structures are 
present during this stage ol development as seen with 
the reagents delecting filamentous aclin and the anti-
bodies lo (z-aclinin Subsequently, the antibodies against 
(Kin stained longitudinal fibrils which eventually 
changed to myofibrils, showing the typical striated Htm 
doublets After 4 10 days in low-nutrition medium, the 
cultures weie occupied by numerous myotubes, showing 
a mature morphology when stained with our antibody 
l o li Lin 
Vimentin as lanslituint ol the /-line region 
in immature human skeletal musile 
In our experiments we used autopsy material from a 
prematurely born boy to characterize antibodies and 
reagents for their reactivity patterns in human skeletal 
muscle The antibodies to desmin and α-actinin stained 
the Z-linc region The Ulm and nebulin antibodies arc 
known to recognize an epitope around the A I junction 
(Wang el al 1985) and epitopes within the l-band 
(Krugeretal 1991) respectively Consequently, doub­
lets ol distinct slnations were seen MF20, the antibody 
to sarcomenc myosin stained Α-bands which alternale 
with myosin-ncgalivc M-lines TRITC phalloidm 
stained alternating weak and strong bands, probably 
representing the thin filaments and the aclin filaments 
beneath the sarcolemma at the level of the M-line ic-
speclivcly (Fischman 1986) Vimentin is normally pres­
ent in tissues of mesenchymal origin As a result, our 
antibodies to vimentin stained vascular endothelium and 
interstitial fibroblasts However, an obvious and signifi­
cant cross-striated staining reaction was seen in muscle 
fibers of the immature skeletal muscle From these find 
ings we can conclude that during human myogencsis 
vimentin is co-localized with desmin in the Z-line region 
at least up to 28 weeks ol gestation, as was demonstrated 
also in avian skeletal muscle (Granger and Lazandes 
1979) As already described by Sarnal el al (1990) and 
Barbel et al (1991), in our hands normal, non-regeneral-
ing adult human muscle fibers did not contain detectable 
amounts ol vimenlin, while regenerating fibers showed 
a dilfuse vimentin staining palici π The presence ol vi­
menlin in immature (embryonic) human muscle has been 
shown previously, in a cross-striated fashion but was 
never discussed (Barbel el al 1991) The absence ol vi 
menlin cross-slnalions in oui cultures might be ex­
plained by the fact that regeneration, and not embryo-
genesis, is mimicked in our experiments 
We conclude that cell cultures ol human skeletal mus­
cle are an appropriate tool to study virtually all develop­
mental stages of myofibnllogenesis Desmin cross-stria 
tion was described for the first time in aneurally cultured 
human myotubes, indicating that the culture medium 
we used enhances myofibnllogenesis during dilfeicntia 
lion Although cell cultures ol human skeletal muscle 
were per se not always succeslul as a model system loi 
studying muscular diseases (reviewed by Miranda and 
Mongini 1986), we feel thai such cultures might be usclul 
to study pathogenesis ol muscular diseases which are 
characterized or even caused by an abnormal distiibu 
lion ol specific sarcomenc or cyloskelctal constituents 
(Thomell elal 1983, Rappaporl el al 1989, Van dei 
Ven el al 1991) 
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S U M M A R Y 
Differentiating huinun skeletal muscle cell culturel, were 
UM. I I I D study the association of lil in with ulhcr sar-
comeric und cytoskelclal proteins during myohbrillo-
genesis. Several developmental stages of these cultures 
were douhlc stained with antibodies tu titin in comb-
ination with antibodies to ct-actin, cc-actinin, myosin 
heavy chain ( M H O , ncbulin, desmin, and ß-luhulin. 
The Hrst Indications of titin expression were found in 
postmitotic mononuclear myoblasts where it is located 
in a random, punctate fashion. At the light microscope 
level no evidence was found for an association of these 
lilin spots with any of the other proteins studied, with 
the exception uf M I R ' , which colocalizcd with titin in a 
small minority of the titin expressing cells. Subsequently 
the titin spots were found to be linked to longitudinally 
oriented stress І і інт-Ііке structures (SKI.S), containing 
u-acliiiin and sarcomeiic (i-aciin, hut not M H C , ncbu­
lin or desmin. Upon lurlher maturation lilin antibodies 
seemed lo slain S U . S in a rather homogeneous fashion 
together with M H C , u-aclin and u-aclinin. Thereafter 
a more periodic localisation of titin, M I I C , a-aclin and 
(i-aclinin on SKI.S became obvious. I r o n t these struc­
tures myofibrils developed as a result of Turlher difler-
eiilialion. Initially only short stretches with a striated 
I N T R O D U C T I O N 
In the saicomcnc structures ot skeletal and cardiac muscle 
several proteins arc oidcicd in unique, periodic arrays 
resulting in the lypic.il cross-striated appearance ot these 
tissues ( l isc l in ian. l9Hfr) During cmbryogenesis or regen­
eration in skeletal muscle, inultiniiclear myolibers develop 
by lusion ol myoblasts 01 satellite Lells Several authors 
( l iscl inian, 1986, hurst el al 1489, l-ulton and Isaacs, 
1991) have icporlcd that during these processes the 
expicssion ol niyol ibnl l. ir proteins and their mutual asso-
tilin, M H C , F-aclin and a-actinln orguni/utlon were 
found. Ncbulin was Integrated in these young myolib-
rils al a later developmental stage. Desmin was not 
found to be incorporated in these myofibrils until com­
plete alignment of the sarcomeres in mature myotubes 
had occurred. At the ullrastruclural level l i l in antibod­
ies recognized aggregates that were associated with 
intermediate filaments (IK) in postmitotic mononuclear 
myoblasts. At a later maluratiunai stage, prior to the 
development of cross-striated myofibrils, the IK-assoc-
iatcd l i l in aggregates were found in close association 
with subsarcolemmally located SKI.S. We conclude that 
IK and SKI,S play an important role in the very early 
stages of in vitro human myulibrillogenesis. O n the basis 
of our results we assume that titin aggregates are tar­
geted to SKI.S through IK. The association of titin wilh 
S I - I S might be crucial for the unwinding of titin nec­
essary for the assembly of sarcomeres and the hrst asso­
ciation of titin wilh other sarcomeric proteins. 
Key words myolibrilloecncsis, intermediate ІіІ.шісш piolcins. 
nun, myosin ncbulin u aclimn. uninunolocali/alioit, 
immunoclCLlron microscopy 
dat ions, occur in an ordered sequence Most authois agree 
th.il l i l in is one ol the hrst saicomcnc piolcins detected in 
the process ol myolibnllogenesis ( 1 okuyasu and Mal ic i . 
І9К7а, hurst el al , 19X9, Scha.ul el al , 1989). and thai it 
probably plays an ιmpod.ml iole in the supiamolecular 
organization ol other myol ibnl lar proteins (i ullon and 
Isaacs, 1991, Trmick, 1992) However, ihe results ol sev 
eral studies descnbing the intracellular localization ol l i tui 
as compared to other sarcomeric or cytoskelclal proteins 
are conliadiclory Recently il was suggested that Ihe ordei 
8 1 
ol events l l i j l OCLUÍ during inyohbiiMogenesis. is species-
specihc | \ . in ile ι I oop et al , 1992) 
In .1 piLMous report ( v j n der Ven el a ) , 1992), we 
showed ιΐκιΐ human skeletal mustie cells, cultured under 
conditions о р і ш ы і lor di l lerential ion, reach a sul l lciently 
high degree ol maturation, to allow the study ol virtually 
all stages ol myolibullogenesis In order to obtain a better 
insight into the piecise localisation o l utin during the early 
siages ol skeletal muscle development, these studies were 
extended lo (he miniunoeleciron microscope level The goal 
ol this study was to compare the temporal and spatial organ­
ization ot inni to thai ol other sarcoinenc and cytoskcleial 
proteins within (he same muscle cel l , both at the light and 
electron microscope level 
MATERIALS AND METHODS 
Muscle cell cultures 
Ишп.ш satellite cells were isolated anil cultured mainly as 
dcsciibed In. lui с (van der Ven el al , 1992, Benders el ui 1991) 
In suininai) sfidine cells were ciizynialically ι so lal ed troni 
normal aduli human skeletal muscle The cells were* plated in 35 
nun culture dishes (Costar, С uinhndgc MA USA) in a high nutri­
tion eiillure medium supplemented wnh HY4 letal call serum 
( K S , Myelone laboratories Ine logan U Г. USA) and 2% chiek 
embryo extract (I low laboratories Irvine, UK), and grown in 4% 
Ulliiiscr ( ι (Gibco BRI Paisley, UK) containing cullure medium 
Cells were liypsini/cd and stored in liquid nilrogen in culture 
medium eonlaming 104 DMSO hor Ihe experiment* described 
here these cells were thawed quickly, seeded in cullure dishes 
and e row η lo near conllucncy Diflereniialion ut the cells was 
induced by changing the cullure medium lu a low-nulnlion 
medium with i\AvA Ultuiser G 
Antibodies and reagents 
Ihe billowing monoclonal and polyclonal ani ι bodies were used 
in this study 
( I) 91)10 a mouse monoclonal antibody specific tor tuin (Wang 
et al 1985 Handel el a l . 1989) 
(2) I 7 a mouse monoclonal antibody lo β tubulin (Chu and 
Klynikowski ІУ87) 
Itoih antibodies were obtained from ihe Developmental Studies 
ll)l»idoina Bank maintained by the Depart men I ul Pharmacol 
og> and Moleculai Sciences Johns Hopkins University, School 
ol Medicine Baltimore Ml) USA, and the Department ol Biol­
ogy Uimusi iy ol loua Iowa City 1A USA, under contract N01-
111)6 2915 horn (lie Nl( I I I) 
I \) An allimty puniteli |Hi|ycloiial .nilibody against tilín, iso 
lated Irom Phwtmtm ¡tolutphutiun (Gassner, 1986), which was 
a kind gilt lioin Dr I) Gassner Bonn I KCJ 
(4) I he mouse monoclonal аппінчіу NB2 specihe lor nebuhn 
( I ui si ci al 1988) pui с based lioin Sigma Chemical Company, 
St I ouïs MO USA 
(5) Ihe mouse monoclonal ani ι body sr I spec ι he lor striated 
muscle u acini (Skalh et al , I9HH), which was a kind gil l Irom 
Di Ci Oahhiaiii Geneva Switzerland 
16) Ihe mouse monoclonal antibody MF-20, recognizing all 
loi ins ol ni)olibnllar MHC (Baderei al 1982). which was a kind 
gilt Irom Di D t ischman New York, NY. USA 
(7) A |x>lyclonal rabhit antiserum (pDes) raised against chicken 
gizzard desmin (Ranuekeis el al , 1985) available from fcuro 
Diagnostics BV Apeldoorn, I h e Netherlands 
(K) A polyclonal ι abbi t antiserum raised against a-aclinin, reac 
live with muscle and non muscle isofoims ol α aclinin (van der 
Ven et al , 1992) which was a kind gill Irom Dr В Joe kusch 
Bielefeld, I RG 
Telramcihylitiodaniine isoihioeyanaie labeled phalloidin (Mol 
ecular Probes Ine , bugene, OK, USA) was used tor staining ol 
filamentous aeim (h acini) 
Indirect Immunofluorescence assays 
Muscle cells, cultured in 15 mm tissue cullure dishes wue 11 used 
three limes wilh phosphate buttered saline (PBS) and lixed m 
melhanol/acetune ( I I) at -2U°C for I minute Ihe dishes were 
stored at -25°C Be I ore incubation with the hrsl primary antibody 
(10 minutes, room temperature), the dishes were (hawed and 
rinsed bnelly with PBSA) 05% Twecn 20 (PBS Γ) Alter exlcnsive 
washing with PBST tor 30 minutes, the cells were uicubaled with 
the second primary antibody The dishes were washed again in 
PBST and incubated with a mixture ol the appropriale secondary 
antibodies, ι e lluorescein isothiocyanale (I I IC)-coiijugalcd 
swine ani ι-rabbi l Ig (dilution I 50 in PBST, Dakopalls, Gloslrup, 
Denmark), H I C-coiijugated goal anti mouse Igti Texas Kcd 
(Ί XR) conjugated goal anli mouse Ig, or 1XR conjugated goal 
anil mouse IgM. all Irom Soulhern Biotechnology Associates 
Birmingham, Al , USA, and used in a I 75 dilution in PBS I Alter 
washing in PBSI, the dishes were mounted in Aquainouul (BDII 
Chemicals, Poole, UK) The cells were viewed with a Zeiss 
Axioskop microscope wnh epifluorescein illumination (C'ari Zeiss 
Überkochen, hRG) and photographed with an automatic camera 
using a Kodak 1MY him Inimunostained cultured muscle cells 
were also studied with a Bio Had MRC 600 conlocal scanning 
laser microscope (CSI M. Bio Kad 1 aboralories) equipad with 
a cryplon/argon mixed gas laser (Ion Leaser I ее h nol og y Salt l-ake 
City, UT, USA) wnh two separate wavelenghls lor ihe excitation 
ot F1TC (488 inn) and 1XR (568 nin) mounted on a Zeiss Axto 
phot microscope (Carl Zeiss Oberkochen, I RG) Го quantity 
lluoresccnce intensities, lluorescein labeled muscle cells were 
excited with a single wavelength light beam ol 488 nni, using a 
neutral density hltcr no I 5, showing УА transmission, and a fixed 
pinhole position Image processing was pcrlormed lo upscale Ihe 
signal and obtain optimal contrast Photographs were taken Irom 
the monitor with α Nikon FT! camera using a Kodak bk lac Imune 
him or a Kodak Τη X Pan lihn 
Electron microscopy 
Muscle cells, cultured as described above in 15 mm culline dishes 
were rinsed twice wilh PBS and prehxed toi I hour at 20 ( in 
\% paraformaldehyde in 100 niM phosphate hullci, p l l 7 4 (PB) 
'Ihe monolayers were rinsed twice with PBS and twice svilii 20 
inM glycine in PBS (PBSG) Ihe cells were pcinicabili/cd by 
incubation wnh 0 \'A saponin in PBSG (PBSG/sap) loi 20 nun 
ules al room temperature I he |*_i meahih/alion bul lei was 
removed and the cells weie incubated with the lilm monoclonal 
antibody appropriately diluted I 10 in PBSG/sap loi 10 mmules 
Ihe dishes were extensively washed wilh PBSG/sap and the cells 
were incubated with I 11С4 conjugated labbil «tuli mouse Ig in 
order to identity those cultures showing most cells with a pune 
tale tilín localization Ihe dislies were washed again with 
PBSG/sap and incubated with Piote ι η A/10 um gold panicles 
diluted I 400 in PBSG/sap (Slot and Geu/e 1981) Alter wash 
nig lour limes with PBSG/sap, cells were post lixed with VA glu 
laraldchyde in PB loi 15 minutes, and routinely embedded as 
monolayeis m Lpon 812, excepl lhal propylene oxide was onul 
led Sections ( 100 nni) were cut parallel to ihe substratum siamed 
with uranyl acetate and lead citrate, and studied in a Philips I M 
101 
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RESULTS 
Human skeletal muscle cell cultures 
During proliferative stages, the muscle cells demonstrated 
a spindle-shaped to polygonal morphology. Upon the 
change to the low-nutrition culture medium, the cells 
elongated, fused and matured as described and illustrated 
before (van der Ven et al., 1992). 
Premyofjbrillar stages 
Proliferating satellite cells did not express titin or any other 
sarcomere-speciric constituent. The cells were only stained 
with the antibodies against desumi, [i-lubulin (both filamen­
tous), a-actinin (stress fiber-like structures, SFLS), and with 
TRlTC-phalloidin (SFLS). About two days after the change 
of the medium, the first titin expression was observed in a 
punctate fashion in postmitotic mononuclear myoblasts. In-
Кіц. I. Indirect mtmunolluoiesceni Libeling ol human postmitotic mononuclear myoblasts, wiih the monoclonal (A.li.G) or polyclonal 
ft'.I) ami min antibodies, anti-ß-Ulbulin iti), anü-myuhbriUar myosin heavy chain (D,J), anli-a-aclinin (I·), and anti-nebulin (II). 
(I and J) Micrographs obtained aller con focal laser scanning microscopy. Bar, 50 μηι (C-H), 20 μιη (А,В) or 10 μιιι (I.J). 
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it ially these spots were located in close proximity lo the 
nucleus ¡is described before (van der Ven et al., 1992), or dis-
persed throughout the sarcoplasm (Fig. IA,C,F.,G,1). In 
addition these cells showed filamentous tubulin (Fig. I l ì ι and 
desmin (Fig. 5B,C) staining patterns, and SI I .S decorated by 
a-actinin (Fig IF) and TRITC-phalloidin (Fig. 5A), but no 
Fig. 2. Immunofluorescence micrographs of immature myotubes double stained with monoclonal anu nun (A.C'.h.G.I) un the one hand, 
and I К i ГС-phaUoidJn < lì tb anu-desinili 11 )ι anti β tubulin (F) or anli-iiiyotibrillar myosin heavy chain Ui on Ihc ulhci hand. liar. 20 
μ ui (Α-D) or 50 μ m (E-J). 
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nebulin reactivity was observed (Fig. IH). Only a tew cells 
showed un obvious colocalizalion of the titin spots with 
myofibrillar Mill ' spots (compare Fig. I C D with l,J). 
Except lor titin and occasionally M HC, the other proteins 
tested did not show random punctate distribution patterns. 
Part of the titin spots seemed to be associated with the SFLS 
(Fig. 5A). In further maturated postmitotic mononuclear 
myoblasts and young myotubes virtually all titin spots were 
found to be associated with SFLS, thus forming nascent 
myofibrils, also containing sarcomeric α-aclin. Initially, at 
this stage titin is localized at random sites on SFLS (Figs 
2Λ.Η, 5D.F.F), but upon further maturation the titin reactiv­
ity was homogeneously spread over the complete SFLS (Fig. 
20,1). At this stage, these SFLS contained, besides α-act inin 
and sarcomeric u-actin, myofibrillar MHC in a tiiin-like, 
non-interrupted distribution (Fig. 2I.J). The localization of 
desmin IF and microtubules now appeared parallel to the 
nascent myofibrils (Fig. 2C-F). No reactivity was seen when 
the cells were incubated with the nebulin antibody (Figs HI 
and 3F, upper cell). 
Development of the striated myofibril 
As maturation continued, nascent myofibrils developed 
short stretches showing (he typical doublet staining pattern 
for titin as observed with the antibodies used in adult stri­
ated muscle. The titin staining pattern on other parts of the 
same structure in the cell remained non-striated (Fig. ЗА). 
The former stretches also showed a cross-strialion when 
stained with TRITC-phalloidin (Fig. 3B) or incubated with 
anti-МНС or anti-a-actinin (Fig. 3C,D). Nebulin was 
absent from these young sarcomeres, but was obviously 
introduced somewhat later ín development (Figs 3E,F, 5G). 
Ψ © 
Fig. 3. Immunofluorescence micrographs of double-stained myotubes developing the first cross-striated myofibrils. Monoclonal аіиі-tiliii 
staining patterns (A.CE.G) are compared to the staining patterns of TRITC-phalloidin (B), unti-a-actintn (D), anti-nebulin (1·) and ami· 
desmin (II). Bar, Ml μιιι, 
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Al this etage large amounts ut desumi and ß-tubulin were 
observed in all myotubes. Again, no staining of the nascent 
myofibrils was found with the antibodies reading with these 
latter two components (Hg. 3G,H). 
Fig. 4. Mature myotubes, about six days aller the withdrawal of nutrients troni the culture medium, double stained with monoclonal anti-
t it in (A.C,E,G,I) on the une hand, ami anti-u admin ι В), nebulin 11 )j l· act in (F), desinili (It) and [Ì tubulin (J) on the othei hand. (CÌ und 
II) Confittili laser scanning micrographs. Bar. 50 μηι (A-D.I.J), 20 μηι (E.F) or 30 μηι (G.H). 
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The mature myotube the later stages of maturation (Fig. 3C-H), until almost all 
The number of striated myofibrils rapidly increased during o l the sarcoplasm was occupied with striated myofibrils in 
Fig. 5. Double ι m mu noti Ш ire see nee micrographs ol several stages of human skeletal muscle cell differentiation, illustrating the staining 
patterns of postmitotic mononuclear myoblasts (A,B), and inyotubes without (C-F) or with iG.H ) striated niyolihnls. Monoclonal ( A t ' . 
E-Gl or polyclonal (D.H) aiiti-lilin reactivity patterns (A.D. FITC; B,C,E-H. Texas Red) are compared to the reactivity patterns of 
I RI I ( -phalloidm (A), desumi (U.C. FITC). sarcomeric α-aciin Ш , Texas Red), α-actinin (E,F, FITC). nebuhn (Ci. FITC) and 
myofibrillar myosin heavy chain (H, FITC). Bar, 50μιη ( A C ) , or 14 μ m (D-Η). 
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mature myotubes (Fig. 4A-I). These myofibrils were invari- 4D) or when slained with TRITC-phuUoidin (Fig. 4F). Only 
ably slained in a cross-striated pullern with the antibodies when ihe complete myolube showed a mature cross-striated 
to tilin, MHC (Fig. 5H), α-actinin (Fig. 4B), nebulin (Fig. pattern, with perfectly aligned myofibrils, desiniti was 
Fig. 6. Іпшшпоеіесіюп microscope localization of tîtîn al different stages of maturation of culiured human muscle cells. In (A) lili η 
aggregates associated wilh IF (arrows) in a postmitotic mononuclear myoblast are shown, while (B) shows the association ol li tin 
aggregates with aligned IF (arrows). (C) depicts the periodic localization ot' IF-associated tilin aggregates (arrows) with SF1.S. A detail ol 
this micrograph, clearly showing the association between litin and ll; (small arrows), is shown in (D). The integration of lililí into sirialed 
myofibrils on bolli sides of Ζ discs (arrows) is shown in (ti). Bar, 0.2 μηι (B,D), 0.45 μιη (A). 0.55 pin (li) or 0 Κ μιη (С). 
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Inumi ιυ be localized in a slnaled fashion (Fig 4H) Stain­
ing w i i h the annbudy to ß-tubulin did nul result in a cross-
slnaied staining pattern (Fig 4J) 
Tlt ln aggregates at the ultrastructural level 
Skeletal musile LCI I cultures at different stages of matura 
lion were examined ultraslructurally for the presence ol nun 
aggregates Globular tum aggregates, w i th a diameter of 
0 10 to 0 IS μ m and decorated with up to IS gold parti 
cles, were idcnlihed in postmitotic mononuclear myoblasts 
These aggregates were tuund to be associated with dis­
persed (Fig 6A) or aligned (Fig 6B) 10 nm IF Ti t tn aggre­
gates were not found near dispersed or bundled microfi la­
ments or microtubules When maturation proceeded the 
IF bound l inn aggregates associated with longitudinally or i­
ented SFLS, in a periodic fashion, I 2-1 S μπι apart from 
each other (Fig 6C,D) The SFLS did not yet show a clear 
periodicity at this stage Subsequently, the immunogold 
labeling lor l inn was found concentrated on both sides of 
identiliable Ζ disc regions o l clearly striated fibrils (Fig 
6F) 
D I S C U S S I O N 
In a previous report (van der Ven el a l , 1992) we have 
described that human skeletal muscle cells in culture can 
reach a sufficiently high degree of maturation to study vir­
tually all stages ol myohbnllugcnesis Here we extended 
our studies by investigations on the association of l inn with 
sarcomene and cytoskeletal proteins For this purpose 
iminunolluorescent double labeling procedures were 
applied with specific antibodies to l inn in conjunction wi th 
antibodies to other sarcomene or cytoskeletal proteins, ι e 
myofibri l lar М Н С , α aciinin, sarcomene α-actin, nebulin, 
desinili and β tubulin Moreover, by applying immuno-
eleclron microscopy we were able to c lanly the nature of 
nun spots and the late o l nun molecules in particular during 
early stages ol myohbnllugcnesis at the ullrastructural 
level 
Tltln spots are Initially associated with 
intermediate filaments 
l'xpression ol l inn is initialed very early in avian (Tokuyasu 
and Malier. 1987a. Colley el a l . 1990) as well as mam­
malian myolihrillogenesis (Fürst el a l . 1989, Schaart el a l , 
1989, van der Ven el a l , 1992) Immediately after or even 
during synthesis, the nun molecules become resistant to 
Ί ri lon X 10(1 extraction and are therefore believed to asso­
ciate with the cytoskelelon (Colley el a l , 1990) In our 
imiuunolluorc'scenl double labeling experiments we lound 
no evidence lor the anchorage ol t i l ín molecules to any of 
the cytoskeletal hlamenl systems at the very early stages of 
muscle cell di l lerenl ial ion The results of our ullrastructural 
studies however, indicate otherwise Aggregated t i l ín mol-
ecules seen in the di l lerenliadng human myoblasts by 
means ol immunoelectron microscopy are the most proba-
ble counterparts ol the (inn spots lound in the immunoflu-
orescence expenments These aggregates were associated 
with 10 nm most probably desmin filaments These 
ininiunogold labeled clusters, associated wi th IF, resemble 
epinemin, an IF-associated protein in ГЗ cells, at least as 
far as ultrastruclural appearance is concerned (Lav.son, 
1983) Therefore the observed nun IF association is most 
l ikely specific and not due to trapping ol l inn molecules in 
the cytoskeletal network as earlier suggested by Isaacs et 
al (1989) Our results are in contrast to those of Tokuyasu 
and Maher (1987b) who could not identity any morpho 
logical features corresponding to our immunofiuoresccni 
m i n spots in very early stages of avian cardiac myof ibr i l 
logenesis 
Is t lt ln a s s o c i a t e d w i t h M H C In early s t a g e s of 
m y o f l b r i l l o g e n e s l s ? 
Expression patterns of nun and myosin were reported to be 
l ightly l inked in l ime as wel l as in space (Hi l l el al 1986, 
Komiyama el a l , 1990, Isaacs el a l , 1992) Other authors 
presented evidence tor an earlier expression ol l inn (Colley 
et a l , 1990, Fürst et a l , 1986) or an earlier organization ol 
utin in aggregates (Tokuyasu and Maher, 1987a) when 
compared to M H C Our double labeling experiments show 
that in most skeletal muscle cells tum and M H C are not 
simultaneously expressed during the earliest stages ol 
human myoflbrillogenesls Although tum can associate wi th 
M H C in early stages of human myolibnllogenesis, the rel 
atively low number of cells showing the punctate u t in /MHC 
co-localization indicates thai this interaction is either very 
short-term or non-obligatory The lacl that ti l ín spots were 
lound to be clearly associated with SFLS not containing 
myofibri l lar M H C supports the assumption that the 
observed early h t in /MHC association is non obligatory 
This observation favours the suggestion that nun is the first 
sarcomene protein that associates with SFLS, thus lormmg 
a scatlold lor the integration or remodeling of other sar 
comenc proteins, including M H C , within the nascent 
myohbnls A n interesting model for myolibnllogenesis in 
which myohbnls are assembled in close association wi th 
SFLS was provided by Dlugosz el al (1984) Considering 
the observed association between myohbnllogenesis and 
microfilament bundles in vivo (Kel ly , 1969), Fischman 
(1986) concluded that SFLS and the suggested association 
are not an artifact of in vitro growth conditions 
Titin molecules unwind after association with 
SFLS 
Aggregated nun molecules initially located in close prox 
unity to the nucleus (van der Ven el a l , 1992) arc targeted 
to SFLS that are localized closely to the sarcolemma ol di l 
Icrenliattng muscle cells IF may have a I unction in this 
intracellular transport of nun molecules (see below) The 
association of (he utin aggregates lo SI LS in a clearly pen 
odie lashion is probably mediated by specific molecules 
present wi thin the SFLS The binding of nun with acini in 
solid phase binding assays (Solenou el a l , 1993), suppoits 
Ihe assumption of Handel et al (1989) that these specific 
molecules are actm However, the presence ol other nun 
binding proteins cannot be excluded Subsequent to this 
association, the aggregated nun molecules w i l l have to 
unwind before sarcomeres can be assembled The observa 
lions thai antibodies recognizing l i tu i epitopes close to the 
M line reveal a periodic staining pattern in later develop 
menial stages as compared to antibodies against l inn с pi 
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lopes closei lo (he Ζ line (hurst el al , 1989), are also sug­
gestive ol a gradual unwinding ol Htm molecules dunng 
niyolibnllogenesis (Aulo)phosphorylation ol tilín has been 
described in vivo (Somerville and Wang, 1987) as well as 
in vitro Π akuno Ohniuro el al 1992) Therefore, it is 
luiipnng lo speculale lhat the unwinding process is con­
nected H I the siale ol phosphorylalion ol the nun molecules 
A connection between lite phosphorylalion ol certain sites 
on the nun molecules and nun's structural role, has already 
been suggested by Somerville and Wang (1988) 
Nebulin is incorporated In the sarcomere at a 
relatively late developmental stage 
I he transition ol nascent myofibrils, with a non-inlerruplcd 
homogeneous nun and M H C reactivity pattern, into striated 
myohbiils was shown lo indiale in a dislincl region, as 
structures were lound thai contained only a lew sarcomeres 
when stained lor nun As soon as nun cross slnaiions were 
observed α acuii, a aclinin and M H C also showed a cross-
striated staining patient In contrast, nebulin was observed 
later and only in a striated lashion Ollen myofibrils were 
present in dillerenualing inyotubes thai showed the mature, 
doublet nun staining pattern hul not yel nebulin reactivity 
I he lacl lhat nebulin is expressed al a later developmental 
stage and thai it is one ol the last myofibrillar proteins lo 
be integrated within the sarcomere dunng mammalian 
niyolibnllogenesis, has been described before (Fursl el al , 
1989) However. Коішуаша el al (1992) suggested lhat in 
iheii cultures ol embryonic chicken skeletal muscle cells, 
nebulin is assembled uno nascent myohbnls before linn and 
myosin We cannot conlirm the latter results lor human 
skeletal muscle cell cultures This may be a lurther indica­
tion lor a species specihe order ol the expression and 
assembly ol proteins during niyolibnllogenesis 
A role lor desmin in the assembly of the 
myofibril? 
II expression and localization change dramatically during 
muscle cell maturation While prohleraling myoblasts and 
young inyolubes contain large quantities ol filamentous 
desinili and vinieiiun. differentiated inyolubes do not seem 
lo expiess vinienliu anymore (Beimeli el a l , 1979, Gard 
and I azandes 1980, van der Ven el a l , 1992) Desmin 
cxpiessioii lem.iins during all lurther stages ol muscle 
development However, [he distribution ol the desmin hla-
inents changes Irom a longitudinal hlamentous onenlalion 
to a cross striated pattern, due lo its localization in the Ζ 
disc atea Vaici el al 11992) recently desenbed thai m 
regenerating lai muscle, desmin already links '/-discs ol 
adjacent myolibnls bcloie their alignment which made 
illese authors conclude thai desmin plays an unpoilanl role 
in ihe lateral alignment ol myolibnls Our results support 
the observation that desinili does not show a cross slnaled 
localization pallcin in niyolibrils, until adjacent myolibnls 
•не peileclly aligned (CJaid and Lazandcs, 1980, Hill el al , 
I9K6) Whelliei the alignment ol myolibnls is initialed by 
desnun lilamenls was questioned by Hill et al (1986) and 
Schultheissei al (1991) These authors showed thai in cells 
in which II assembly was disturbed, myolibnls were nor­
mally lormed and aligned They concluded lhat keeping 
myofibrils in register aller assembly and alignment might 
be Ihe most probable function for desmin In tins respect 
IF and Ihe skelemin network, a myolibril-linking hlainenl 
system al (he level of Ihe M line (Price, 1987) may col 
labórale in warranting a normal process ol niyolibnllogen-
esis in these cells The taci lhat this process occurs noi-
mally in ihe absence of IF, does not necessarily mean lhat 
IF are non lunclional in myohbrillogenesis Skelemins and 
desmin may compensate lor each others role in this respect 
So lar hule attention has been paid to a possible role lor 
desmin in the earliest stages of niyolibnllogenesis Our 
experiments at the immunoeleclron microscope level show 
that nun aggregates are bound to IF belore ihe aggregates 
associate wtlh SFLS, and thai Ulm remains attached lo ΙΓ 
during the liun-SFLS association process This observation 
points to a function lor IF in the intracellular translocation 
ol nun molecules Further support is provided by the ohser 
vaiion thai desnun lilamenls are redistributed Irom a dis 
persed localization in postmitotic mononuclear myoblasts 
to a longitudinally oriented localization in elongated cells 
and young niyolubes (Bennett et a l , 1979, (¡aid and 
Lazandes, 1980. van der Ven el a l , 1992) The longiiudi 
nally oriented IF are laid down alongside developing 
myofibrils (Valer el a l , 1992) al a tune point conipaiable 
to Ihe developmental stage that nun spois associate with 
SFLS in our human skeletal muscle cell cultures 
In summary, we conclude (hat IF most likely play an 
important role in Ihe translocation of nun molecules lo 
SFLS dunng muscle cell differentiation The association ol 
nun aggregates with SFLS, being Ihe initial event in the 
lormaiton of sarcomeres, is ol cardinal inipoilancc lor lui -
ther steps in human myohbrillogenesis in vitro Unwinding 
of Ihe linn molecules probably produces a scallold lor the 
integration of Ζ line and A band proleins Nebulin is obvi­
ously incorporated into the myolibnls aller lins process has 
been completed Especially, our new Imdings al the immu­
noeleclron microscope level contribute substantially to the 
understanding of early stages ol human niyolibnllogenesis 
in vilro 
The authors Ifiank Ihe reviewers lor Iheir helplul cotiinicnls and 
suggestions M r I I van der 1 cc tor excellent technical jssislcnic 
and M r M Coclea lor photography 
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Expression of Myogenic Proteins in Vitro in Myoblasts and 
Myotubes of Normal and Dystrophic Muscles of (ReJ 129) Mice. 
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Abstract 
The expression of several muscle specific proteins was studied in cultured myoblasts and 
myotubes of hindlimb muscles of normal (Dy/Dy or Dy/dy) and dystrophic (dy/dy) mice of 
the ReJ 129 strain 
In myoblasts desmin and myosin stained in a diffuse way Vimenlin and TRITC phalloidin 
staining reaction consisted of bundles of filaments, while nebulin and tropomyosin showed no 
immuno-reacuvily in myoblasts 
In the myotubes desmin showed an irregular filamentous pattern, with only occasionally an 
indication of periodicity No reaction was seen with vimenlin, while myosin, nebulin, tropo-
myosin antibodies and TRITC-phalloidin antiserum each stained in a characteristic regular 
banding pattern 
No clear differences were seen in the reaction patterns of all the antibodies used in this study 
between myosatellile cells and myotubes in normal and in dystrophic mouse cultures 
Key Words: murine muscular dystrophy, mouse, muscle culture, cytoskeleton, contractile 
proteins, development 
BAM 2(3) 203-211,1992 
The term muscular dystrophy refers to a group of gene 
litally determined diseases with progressive degeneration 
of skeletal muscle Of the various human muscular dystro-
phics the basic defect is known only of a few, particularly 
of the severely progressive X linked Duchenne's dys-
trophy (DMD) and Becker's muscular dystrophy (BMD), 
which is milder in severity A large protein called dystro-
phin is either absent or defective (25, 19, IS] in these 
diseases Although it is likely that dystrophin plays a role 
in the maintenance of architecture and function of the 
myofibre membrane, the exact function of this protein is 
sull a puzzle Dystrophin is also missing in the X-linked 
mdx mouse muscular dystrophy However, despite the 
homology from a geneucal point of view with human 
UMD, the twoconditions arc both clinically and pathologi-
cally very different. In many other types of muscular 
dystrophy, occurring either in humans or animals, the 
molecular basis and pathogenetic mechanisms of the dis-
order arc unknown Research on animal models other than 
the mdx mouse is relevant to obtain more knowledge about 
basic biological processes of progressive muscular dys-
trophy, in particular to provide more insight into the patho-
genetic mechanisms that lead to the specific pathology 
and/or tissue restauration in the various muscular dystro 
phic conditions The Bar Harbor ReJ 129 dy/dy strain is of 
parutular interest, because this model, although genen 
cally different from human DMD/BMD, shows various 
clinical and histopathological similarities with human 
DMD/BMD 
Muscular dystrophy in the mouse strain ReJ 129 dy/dy 
is a highly progressive, autosomal, recessive disease, 
Laused by one gene Muscle fibre necrosis, abundant con 
ncclive tissue infiltration and pronounced structural disor-
ganization, eventually leading to complete impairment ol 
the muscle [26,36,31 J, strongly resembles the histopatho 
logy seen in DMD Number of recent studies indicate that 
altered myofibre differentiation may play a role in the 
development of the discase Wuizclal 1361, using enzyme 
hislochemical methods to identify the various muscle fibre 
types, reported a delayed maturation of part of the myofi 
bres in the dystrophic hindlimb muscle Reggiani et al 129], 
using immunohistochemica! techniques, showed that with 
regard to myosin heavy chain (MHC) expression, the 
myofibre maturation in dystrophic animals is retarded The 
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disappearance ol neonatal M HC was found to be delayed 
in the all studied hmdleg muscles of dystrophic mice, 
except for the solcus. 
In the process of myofibre maturation the differentiation 
of the cy toskcleton is important in constructing the ordered 
organisation of myofibrils. It is known that both desmin 
and vimentin are distributed as longitudinal filaments in 
immature myolubcs, whereas during maturation, vimentin 
disappears and desmin is redistributed in a cross-slnaled 
pattern 110,13]. Brocks et al [4] studying mice older than 
10 days of age found no differences in vimentin and 
desmin expression between normal and dystrophic mice. 
However, this docs not rule out the possibility that altered 
myofibre cytoskclelal differentiation may have occurred 
during earlier stages of muscle genesis, for instance in the 
prenatal period. 
To study whether differences between normal and dys­
trophic mice can be established in the earliest stages of 
myofibre formation and differentiation, a myosatellite cell 
cultunng system was arranged and the expression of a 
number of cyloskelclal and contractile proteins during 
early myotube formation was studied. 
Materials and Methods 
Animals 
Normal (Dy/Dy or Dy/dy) and dystrophic (dy/dy) mice 
of the strain RcJ 129, originally obtained from Jackson 
Laboratories Bar Harbor, Maine, USA, were used in this 
study. The mice were kept under standardised conditions 
at the Central Animal Laboratory of the University of 
Nijmegen and had free access to food and water. 
Three week old mice with distinct clinical signs of dys­
trophy were used for isolation of myoblasts. Clinically 
normal animals of the same age were used as controls. 
Animals were killed with an overdosis of pentobarbital 
sodium 
Culture media and buffers 
Phosphate-buffered saline (PBS) contained: 145 mM 
NaCI, 5.4 mM KCl, 5 mM Na 2 HP0 4 .25 mM glucose, 25 
mM sucrose, 50 lU/ml penicillin, 10 g/ml streptomycin; 
pH 7.2. Incubation medium contained 0.15 % trypsin 
(Difco. Detroit. Ml, USA), 0.1 % collagcnase (Sigma, St 
Louis, MO, USA), 0.1 % bovine serum albumin (BDH, 
Poole, UK) in phosphate buffer. Growth medium (a high 
nutritional culture medium) was composed of Dulbccco's 
Modified Eagle Medium (DMEM) (Gibco BRL, Paisley, 
UK) with 20 % fetal calf serum (HyClone Laboratories, 
Inc., Logan, UT, USA), 2 % chicken embryo extract (Flow 
Laboratories, Irvine, UK), 2 mM Glutamine (Gibco BRL, 
Paisley. UK), 100 U/ml penicillin (Gibco BRL. Paisley, 
UK) and I g/ml streptomycin (Gibco BRL, Paisley, UK). 
Differentiation medium (a low nutritional culture medium) 
contained 10 % horse serum (Flow Laboratories, Irvine, 
UK) instead ol fetal calf serum. 
Isolation of myosatellite cells 
Hindleg muscles were excised under sterile conditions. 
Two different methods for isolation of myosatellite cells 
were used. 
In the first method mononucleate cells were obtained 
using essentially the protocol of Yasm el al (37). Briefly, 
small fragments of muscle tissue were kept in incubation 
medium at 37'C for 15 mm. The lop layer containing 
mononuclear cells was collected in growth medium. This 
procedure was repealed three times. After the third and 
fourth time the muscle fragments were triturated through 
a 10 ml pipette 10 limes to release more mononuclear cells. 
The collected fractions were centrif uged for 10 mm, 50 xg 
at room temperature. The pellets were resuspended in fresh 
growth medium and plated into 35 mm culture dishes 
(Costar, Cambridge. UK). The suspension was filtered (30 
μτη nylon mesh) to remove possible intact myofibres and 
plated into 35 mm culture dishes or on glass covershps. 
An alternative second method to obtain mononucleate 
cells was used, which was essentially according to the 
prescription of Askanas [1]. Briefly, the hindleg muscles 
were cut into small pieces ( I mm each) and put mm 35 
mm culture dishes (6 or 7 per dish). After an abundant 
outgrowth of cells had emerged the muscles pieces were 
placed in new culture dishes. Tins procedure was repeated 
several times. An homogeneous mononucleate cell layer 
was established by dissociating the cell cultures using a 
incubation of 2 mM EDTA in buffer for 1 mm followed by 
incubation with 0 02 % trypsin in bul 1er for 10 mm After 
centrifugaling 5 mm, 50 xg at room temperature the cells 
were resuspended in fresh growth medium. 
Cultunng of the cells 
Further treatment of the cell cultures obtained through 
either of the two different methods was identical. The cells 
were cultured in a humidified incubator (Hcraeus, Hanau, 
FRG) at 37 С and 7 '/2 % C 0 2 in air. Culture medium was 
changed every second day. Growth medium was replaced 
by differentiation medium just before the cultures reached 
conflucncy or if myolubcs arose. 
Immunohtstocliemtstry 
The cultured cells were fixed three days after the appear­
ance of myolubcs. The pctri-dishcs were rinsed with PBS 
(137 mM NaCI; 13 mM Na 2HPCyH 20; 3 mM KH 2P0 4, 
all from Merck, pH 7.4) and subsequently the cells were 
fixed in cold (-20'C) methanol for I mm. The cells were 
then air dried for at least 60 mm. Thereafter they were 
incubated with one of the antibodies described below in a 
moist chamber at 37'C for 60 mm. After washing twice (15 
mm each) in PBS at room temperature the cells were 
incubated for 60 mm at room temperature cither with 
fluorescein isoihtocyanate (FITQ- or telramcthylrho-
daminc isothiocyanate (TRITC)-conjugalcd Swinc-anti-
Rabbil IgG. or with FITC- or TRITC-conjugalcd 
Rabbit-anli-Mouse IgG (DAKO-immunoglobulins a/s, 
Denmark), depending on the primary antibody used. After 
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Figure I. Phase contrast micrographs of cultured normal (a) and dystrophic (b) nwuse and normal human (c) muscle cells 
Arrows indicate the diameter of the myotubes. Magnification 120 x. 
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Figure 2. immunofluorescence CSLM micrographs of cultured myotubes, arisen after fusion ofmyosaiellile cells derived 
from normal (a,c,e,gj) or dystrophic (b,df.hj) hindleg mouse muscles of 20-22 day-old mice, and cultured for at 
least three days after the first appearance of myotubes, incubated with K5 desmin (aj>), MF20 myosin (cd), NB2 
nebulin (ej), CHI tropomyosin (g,h) or TRITC-phalloidin (ij). Magnification 1400 x. 
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washing twice during 15 mm in PBS al room temperature, 
the cells were mounted in Fluorosiab (Euro-diagnostics, 
BV, Apeldoorn, The Netherlands). 
Antibodies and reagents 
The following antibody préparations were used: 
A polyclonal rabbit antiserum directed against 
chicken giz¿ard muscle desmin(pDes) Preparauon 
and characterization of this antiserum have been 
described by Ramaekers el al [27]. 
An affinity punned rabbit polyclonal antiserum to 
bovine lens vimenun (pVim). Purification and 
characterization of this antiserum have been de-
scribed by Ramaekers et al [28]. 
A mouse monoclonal antibody lo nun (9D10) [35, 
11, 12, 131. obtained from the Developmental 
Studies Hybndoma Bank, maintained by the De-
partment of Pharmacology and Molecular Scien-
ces, John Hopkins University, School of medicine, 
Baltimore, MD, USA and the Department of Biol-
ogy, University of Iowa, lowaCity, I A, USA, under 
contract N01-HD-6-2915 from the N1CHD 
A purified monoclonal antibody directed against 
chicken breast nun (Ti l ) purchased from Sigma 
(SL Louis, MO, USA). Purification and charac-
terization have been described by Fürst (8]. 
A mouse monoclonal antiserum to striated muscle 
myosin (MF20) reacting with all sarcomenc mouse 
myosins (adult and embryonic) [2], which was a 
kind gift of Dr. D. Fischman, New York, USA. 
A mouse monoclonal antibody directed against 
chicken breast nebulin (NB2), purchased from 
Sigma (St. Louis, MO, USA) Purification and 
characterization have been described by Fürst [8]. 
A mouse monoclonal antibody directed against 
chicken muscle tropomyosin (CHI) [22], obtained 
from the Developmental Studies Hybndoma Bank, 
maintained by the Department of Pharmacology 
and Molecular Sciences, Johns Hopkins Univer-
sity, School of Medicine, Baltimore MD, USA and 
the Department of Biology, University of IOWA, 
Iowa City IA, USA, under contract N01-HD-6-
2915 from the NICHD. 
Tetramcthylrhodamine isolhiocyanate-labelled 
phalloidin (TRITC-phalloidin, Molecular Probes, 
Inc., Eugene, OR, USA) was used. This reagent 
stains filamentous acun (F-aclm) A 3.3 M stock 
solution was diluted 1:25 in PBS. 
Microscopic examination 
The cells were examined and photographed with a Leilz 
MPV compact fluorescence microscope (Wetzlar, FRG) 
or with a Lasersharp MRC-600 confoca) scanning laser 
microscope (Biorad, Oxfordshire, England). 
Results 
Microscopic characteristics of cultured muscle celts 
Cell isolation according to both procedures (see Materi-
als & Methods) resulted in a high fraction of fibroblasl-like 
cells in the cell cultures. Especially in dystrophic cell 
cultures the percentage of fibroblasl-like cells was always 
extremely high (compare fig. la with lb). These cells 
proliferate much faster than do the myosatellne cells and 
therefore quickly overgrow the cell culture system. This 
may interfere in the development and differenualion of the 
muscle cells. For Uns reason no cultures older than 7 days 
were used for analysis. 
Myosalellile cells in dystrophic muscle cell cultures do 
not differ in morphology from those in normal cultures 
They are spindle-shaped, mononucleate cells, with a high 
nucleus/cyloplasma ratio and are often somewhat ruffled 
at one or both ends. By simple phase-contrast microscopy 
the myosatellne cells are hardly disunguished from fibro-
blasl-like cells, because the latter vary in shape from large, 
flat stellate cells to more spindle-shaped ones 
Fusion of myosatellne cells mostly occurred before cul-
tures had reached confluency Also the exchange of the 
high nutritional culture medium by the low numuonal 
medium was not necessary to induce myosatellne fusion 
Fusion results in the formauon of synciua containing clus-
ters of nuclei. These syncitta matured into myoiubes with 
positioning of nuclei in a central core within four days of 
culturing (fig la) Mouse myoiubes are short and narrow-
shaped This contrasts with myoiubes of human muscle 
cell cultures (compare fig la.b with lc, see arrows) 
Spontaneous rhyimic contraction of myoiubes could be 
observed regularly. Dystrophic cultures differed from nor-
mal ones in thai less myoiubes were iormed On the other 
hand the myoiubes formed in dystrophic cultures were 
morphologically not different from those in normal cul-
tures (fig. lb) with the exception that in dystrophic cell 
cultures myoiubes were often shorter 
Antibody reactivity pattern 
Although n is known thai several of the antibodies used 
in this study cause profuse unspecific background staining 
in murine ussue, this was not obvious in the ussue cultures 
The 9D10 monoclonal nun, although reactive m human 
muscle cultures [33], gave no reaction in mouse muscle 
cultures. Also with Tl 1 monoclonal no positive reaction 
was observed in our muscle cultures Tl 1 was also nega-
tive in mouse muscular ussue sections and in muscular 
tissue of other species like man (unpublished results). 
Mononuclear cells. 
The K5 Polyclonal desmm antiserum appeared in the 
myoblasts derived from normal mouse muscle in a diffuse 
staining panero with a random distribution of fluores-
cence. Non-muscle cells such as fibroblasts and fat cells 
did not stain with the desmm antiserum. With the K36 
polyclonal vimenun antiserum myosatellne cells as well 
as fibroblasl-like cells showed an míense reaction, consisi-
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ing of bundles of filaments in almost all mononuclear cells. 
The MF20 monoclonal myosin antibody stained muscle 
cells only. The MF20 staining reaction was mostly diffuse 
with a random distribution of fluorescence in the cell 
cytoplasm. The myoblasts showed no immuno-reacuvity 
with the antibodies to nebulin and tropomyosin. Incubation 
with TRITC-phalloidin resulted in a staining reaction con­
sisting of bundles of filaments in both mononuclear muscle 
and non-muscle cells. 
Myotubes: 
With KS desmin antiserum an irregular filamentous re­
action pattern was observed (fig. 2a) running along the 
whole length of the myotube. Only occasionally an indi­
cation of periodicity in these filaments could be detected. 
No reaction was seen with K36 vimentin antiserum. 
Myosin, nebuline and tropomyosin antibodies stained each 
in a characteristic regular double banding pattern (fig. 
2c,e,g). Striation of myosin was mostly weak consisting of 
wide bands (fig. 2c). Nebuline showed a strong striation 
pattern consisting of distinct pairs of bands alternating with 
dark zones (fig. 2e). The antibody to tropomyosin reacted 
in a pattern of paired bands with a distinct non-reactive 
zone in between (fig. 2g). The paired bands were separated 
by broad unstained regions. TRITC-phalloidin reagent 
snowed strong slriauons in almost all myotubes. The stn-
alion patlem consisted of strong lines appearing with a 
relatively constant distance (fig. 2i). Sometimes a couple 
of weaker band were seen in the dark zone. 
Myotubes from normal and dystrophic mouse cultures 
reacted idenucal with all the antibodies used in this study 
(fig. 2b,d,f,hJ). which implicates that the antibodies used 
reacted to the same amount and in the same pattern of 
distribution in dystrophic myotubes as in normal 
myotubes. With the antibodies to tropomyosin and 
nebuline and with TRITC-phalloidin, striation was found 
in dystrophic cell cultures, although less frequently than in 
normal ones. 
The results of the antibody staining reactions are sum­
marized in table I. 
Discussion 
Characteristics of antibody and reagent reactivity 
Incubation with K5 desmin let many cells unstained. 
They presumably represent mainly fibroblastic cells and 
fat cells. The percentage of negative cells was even higher 
in the dystrophic cultures. Desmin cross-stnation indicates 
a high degree of maturity of the myotubes (Van der Ven, 
personal communication; 33]. In the mouse myotubes 
sometimes an indication of periodicity was seen (fig. 2a,b). 
Although this periodicity does not coincide with the length 
of the sarcomeres, it might indicate one of the first steps 
leading to cross-stnation, i.e. the mutual arrangement of 
myofibrils and their sarcomeres. The MF20 myosin was 
confined to the Α-band staining sarcomenc myosin as seen 
in fig. 2c,d. The dark zone coincides with the Z-line. 
Kruger clal [20] showed that nebulin antibodies recognize 
epitopes within the I-band. Consequently the striation pat­
tern seen with nebulin consists of a pair of distinct bands 
in the I-zone of the sarcomere (fig. 2e,f). The anu-tropo-
myosin staining is confined to the I-band. The narrow 
non-reactive line in between corresponds to the Z-line (fig. 
2g,h). TRITC-phalloidin, staining strong lines alternated 
with weaker bands, reacts with filamentous aclin (fig. 2ij). 
Van der Ven el al [33] observed a similar reaction patlem 
in human myotubes. They suggest that the alternating 
weak and strong bands represent the thin filaments and the 
aclin filaments beneath the sarcolcmma at the level of the 
M-line respectivily. 
Normal versus dystrophic muscle culture 
Morphology 
Normal cultures contained a high percentage of mono-
nucleated non-muscle cells. In dystrophic cultures the 
number of non-muscle cells was extreme. This was most 
likely related to the age of the animals we used in our 
experiments, since a rapid progression of the disease can 
be observed during the second and third postnatal week. 
Especially during the third week infiltration of connective 
tissue and the appearance of macrophages and fat cells in 
Table 1 Expression-patterns of muscle specific proteins during mouse myofibrillogenesis in vitro. Comparison between normal 
and dystrophic cells 
antibody/ 
reagent 
K36 
KS 
MF20 
CHI 
NB2 
TR1TC phalloidin 
antigen 
ν imeni in 
desmin 
myosin 
tropomyosin 
nebuline 
F aclin 
normal 
myoblasts 
filamentous 
filamentous 
diffuse 
negative 
negative 
filamentous 
dystrophic 
myoblasts 
filamentous 
filamentous 
diffuse 
negative 
negative 
filamentous 
normal 
myotubes 
negative 
filamentous 
cross-striated 
cross-slriated 
cross-slnaled 
cross-slriated 
dystrophic 
myotubes 
negative 
filamentous 
cross-slriated 
cross-slriated 
cross-slnaled 
cross-striated 
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dystrophic himJIeg muscle is high Less myolubes and 
often shorter ones were observed in the dystrophic cul­
tures We suggest that this is due to the high amount of 
non-muscle cells, which interfere with the process of 
myosatelhle cell-cell recognition and fusion However, we 
can not exclude that other factors are of importance An­
other possible explanation is that the readiness to fuse of 
the dystrophic myoblasts is less than that of the normal 
ones due to the genetic defeci Due lo a slower than normal 
process of myoblast fusion in dystrophic cultures myouibe 
growth could be less than in normal cultures Totsuka et al 
[311 developed a model, in which it is proposed that growth 
of dystrophic myofibres is defective In their "bone-muscle 
imbalance' hypothesis they assume that an age-related 
aggravation in this imbalance, due to a defective growth of 
the muscle in relation to a normal growth of the bone, is 
responsible for pathogenesis and progress of muscular 
dystrophy in the dy mouse In the light of this hypothesis 
our findings are of interest, although better methods to 
exclude the interference of non-muscle cells during 
myouibe formation are necessary to elucidate this point 
Antibody reactivity pattern 
In the present invcsugalion the expression of several 
cytoskelelal and contractile muscle specific proteins in 
cultured myofibres of dystrophic or normal origin are 
compared Several studies suggest that cytoskelelal pro­
teins are important in myofibre development and differen­
tiation |7, 34) Coexpression and sometimes even 
colocalualion of different Intermediate Filament (IF) pro­
teins is a common feature in developing embryonic tissues 
including skeletal muscle |3, 10, 21] The expression of 
one protein can even trigger the appearance or differentia­
tion of another [6.9] In the early stages of myofibnllogen-
esis the IF protein vimennn is expressed in the developing 
muscle cells, either without or in combination with desmin 
[3,6,9, 10| Hill et al [ 14] observed that nun and myosin 
synthesis and their assembly into ordered striated filaments 
are linked during myofibnllogenesis in postmitotic mono-
nucleated myoblasts Colley [6] also snowed that uun is 
already present in postmitotic myoblasts They observed 
that nun appeared around the nucleus in a stable basket-
like distribution and suggested that this protein could play 
an organizing role during subsequent early stages of 
myofibnllogenesis Another indication for this organizing 
role of nun is given by Schaart el al [30], who showed that 
in mouse embryos cross small on of nun precedes dif feren-
nauon of desmin In our study no qualitative differences 
were found between normal and dystrophic cultured 
myolubes with the antibodies and annsera we used Al­
though less frequently smauon was observed with the 
anubodies to tropomyosin and nebulin and with TRITC-
phalloidin The basic explanation for this phenomenon is 
the same one as for the earlier mentioned shorter myouibe 
formation in dystrophic than in normal cultures. Due lo a 
high amount of non-muscle cells interfering with myoblast 
fusion, or a lesser than normal readiness of dystrophic 
myoblasts to fuse, myouibe formation could be a slower 
process in dystrophic cultures, although starled at the same 
lime as in normal cultures This results in the presence of 
more different stages of differenualing myolubes and con­
sequently less striation (striatum is seen in later stages in 
the differentiating process) Further study is needed to 
elucidate if myofibre development and differentiation in 
normal and dystrophic muscle are different in these early 
stages 
Our earlier studies [29, 36] showed a difference in ma­
turation of dystrophic myofibres compared with normal 
ones An explanation that such a difference was not signi­
ficantly present in these culture studies could be that dif-
ferennauon of the myofibres in viiro is not far enough to 
elucidate a possible missing protein Nerve supply, nor­
mally involved in maturation of myofibres and not present 
in culture, could also be an important factor 
In dystrophic dy animals muscular tissue damage 
becomes strongly progressive at die lime the animals gel 
more active, ι e walking activity is more prominent This 
makes it likely that stresses associated with contraction 
play a key role in the pathogenetic mechanisms In this 
context il is of interest that m DMD/BMD the missing 
protein product dystrophin is a sarcolemma-associated 
cytoskelelal protein, suggesting that the function of dys­
trophin in normal muscle is to protect the fibre by provid­
ing mechanical strength for the sarcolemma Recently it 
has been shown thai dystrophin-like proteins (DMDL for 
Duchenne muscular dyslrophy-like) are expressed in a 
wide range of tissues at varying levels [24] The dystro 
phin-related locus is on the human chromosome 6 that 
maps close to the dy mulauon on mouse chromosome 10 
[23] and has been designated Dmdl These findings strong­
ly suggest that Dmdl are of importance in the dy muscular 
dystrophy Support for this supposition comes from the 
findings thai m ine dy mouse both the peripheral nerves 
[16, 17) and neuromuscular junctions [32] are abnormal, 
while also defects were observed in the elasticity of dys­
trophic dy muscle [S]. Immunolocalizauon of Dmdl 
showed thai these proteins were particularly present in the 
neuromuscular and myotendinous junctions, as well as 
peripheral nerves and vasculature of skeletal muscle 118) 
These findings may be taken to support the suggestion that 
in the dy mouse defects in Dmdl proteins may play a key 
role in the pathogenesis, despite the fact thai there is no 
apparent mutation or deletion in the Dmdl gene delected 
so far in dy mice [24] 
We conclude that although muscle cell cultures can be a 
useful tool to study disorders in protein expression, in our 
case we couldn't observe any significant differences be 
tween normal and dystrophic muscle cultures, with regard 
to the muscle specific proteins we used New methods 
should be explored to get a better separation between 
muscle cells and other types of mononuclear cells to ex­
clude the possible interference of non-muscle cells on 
myouibe formation and differentiation Further study is 
needed to elucidate if myofibre growth and differentiation 
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in dystrophic muscles is slowed down or in another way 
defective. 
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Update 
After publication of this chapter, it has been described that the defect in the two dy mouse 
strains ReJ-dy/dy and C57BU6J-dy/dy probably is related to an obnormal expression of 
merosin (laminin M; Arahata et al., 1993; Sunada et al., 1994). The merosin locus has been 
mapped to the same region of mouse chromosome 10 as the dy locus. Therefore, the 
merosin gene is considered a strong candidate for muscular dystrophy in dy mice (Sunada 
et al., 1994). Interestingly, in human congenital muscular dystrophy (CMD), merosin 
deficiency was also demonstrated (Tomó et al., 1994). Consequently, the dy strains should 
be considered valuable models for CMD, but not for BMD and DMD. The experiments 
described in this chapter indicate that merosin is not of primary importance for the process of 
myofibrillogenesis. 
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homozygous dystrophic dy/dy mice. Proc. Japan Acad. 69: Ser. В, 259-264. 
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317: 351-357. 
104 
CHAPTER 7 
Abnormal expression of intermediate filament 
proteins in X-linked myotubular myopathy is not 
reproduced in vitro 
Peter F.M. van der Ven, Paul Η.К. Jap, Peter G. Barth, 
Rob C A . Sengers, Frans C S . Ramaekers and 
Ad M. Stadhouders 
Neuromuscular Disorders, in press 

ABNORMAL EXPRESSION OF INTERMEDIATE FILAMENT PROTEINS IN 
X-LINKED MYOTUBULAR MYOPATHY IS NOT REPRODUCED IN VITRO 
Peter F.M. van der Ven,* Paul H.K. Jap,* Peter G. Barth,t Rob C A . Sängers,t Frans C S . 
Ramaekers.i and Ad M. Stadhouders* 
'Department of Cell Biology and Histology, University of Nijmegen, Nijmegen, tDepartments 
of Pediatrics and Neurology, University of Amsterdam, Academic Medical Center, 
Amsterdam, ¡Department of Pediatrics, University Hospital, Nijmegen, and S Department of 
Molecular Cell Biology and Genetics, University of Limburg, Maastricht, The Netherlands 
ABSTRACT 
Expression patterns of the intermediate filament proteins (IFPs) desmin and vimentin, in 
biopsy material taken from a one day old boy with fatal neonatal X-lmked myotubular 
myopathy (XLMTM) were compared with the expression of these proteins in cultured 
myotubes, from the same patient Immunohistochemical studies revealed the persistance of 
high levels of desmin in virtually all, and vimentin in most of the myofibres within the 
patient's biopsy Analysis of intermediate filament expression in differentiating, cultured 
muscle cells did not reveal overt differences between XLMTM cultures and cultures of control 
muscle Titin distribution patterns indicated a normal process of myofibnllogenesis in XLMTM 
myotubes We conclude that the failure to properly regulate IFP-expression is not intrinsic in 
XLMTM muscle fibres The possibility that this failure is due to a defective external, possibly 
neural factor is discussed 
INTRODUCTION 
Under the denomination "centronuclear myopathy" (CNM), a heterogeneous group of 
diseases is classified, with diverging clinical pictures and patterns of inheritance ' The first 
case of CNM was reported by Spiro et al ,2 who described an adolescent, male patient with 
muscle fibres resembling myotubes of fetal muscle The term myotubular myopathy was 
proposed and an arrest of muscle development at the cellular level was suggested to be the 
primary cause of the disease Other authors3 provided arguments against the suggested 
pathogenesis of the condition, and the more descriptive term "centronuclear myopathy" was 
put forward as an alternative4 Nowadays, most authors6 β 7 β prefer to use the term 
"myotubular myopathy" for the severe neonatal form of CNM, that is associated with an 
X-lmked, recessive pattern of inheritance ' The muscle fibres of the patients with this 
X-linked myotubular myopathy (XLMTM) have certain features characteristic for fetal 
myotubes and fail to reach a terminal level of maturity " '° 
In this report we describe the expression patterns of the skeletal muscle fibre differentiation 
markers desmin and vimentin in biopsy material and in cultured muscle cells obtained from a 
new case of a large, well documented XLMTM family with 6 confirmed and 18 suspected 
cases over 6 generations " ' 2 The purpose of this study was to investigate whether or not 
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the characteristic abnormalities in the expression patterns of the intermediate filament 
proteins (IFPs) desmin and vimentin in XLMTM muscle'0 1 1 are reproducible in vitro, which 
might indicate an intrinsic defect of XLMTM muscle fibres. Since changes in expression and 
distribution patterns of titin are indicative for the successive stages of myotube differentiation 
and sarcomere formation,'4 antibodies to this protein were used to study the process of 
myofibnllogenesis and to identify the maturational stages of the myotubes 
PATIENT 
The patient, a boy at risk for XLMTM with fatal neonatal asphyxia", was born as the second 
child of healthy non-consanguineous parents after a pregnancy which was complicated by 
polyhydramnios in the last trimester. Birth was at a postmenstrual age of 36 weeks. He 
presented with severe respiratory failure, pronounced muscular hypotonia and no 
spontaneous movements. The testes were undescended He died within 24 hours after birth 
The clinical diagnosis of XLMTM was confirmed by histopathologic examination of biopsied 
muscle tissue. Skeletal muscle tissue of a patient who died from cardiac failure at the second 
day of life, obtained after informed consent within 1 hour after death, served as control 
muscle 
MATERIALS AND METHODS 
Muscle cell cultures 
Satellite cells were isolated enzymatically from muscle biopsies of the XLMTM and the 
control patient, mainly as described be fo re . ' 6 " Cells were cultured, trypsinized and frozen in 
liquid nitrogen in culture medium containing 10% dimethylsulfoxide, and stored until use. 
Upon thawing, cells were seeded, further cultured and induced to differentiate as described 
earlier '7 An inverted microscope (Leitz Diavert, Wetzlar, FRG) equipped with phase contrast 
optics and an automatic camera, was used to examine and photograph the cultures before 
and after methanol/acetone (1.1) fixation The circumference of XLMTM (n = 78) and control 
(n = 74) myotube-nuclei was measured using PCJmage (Foster Findlay Associates Ltd , 
Newcastle upon Tyne, UK) 
Indirect Immunofluorescence assays 
Indirect immunofluorescence assays were performed on methanol/acetone (1.1) fixed cells as 
described before,'7 except that in double-labeling experiments Texas Red-labeled goat 
anti-mouse IgG was used to detect the antibodies to desmin or vimentin, and fluoresceme 
isothiocyanate-labeled goat anti-mouse IgM to detect the antibody specific for tit in Both 
conjugates were obtained from Southern Biotechnology Associates, Birmingham, AL, USA. 
Antibodies 
Mouse monoclonal antibodies used in this study are 
(1) RD301 (available from Euro-Diagnostica BV, Apeldoorn, The Netherlands) and DE-R-11 
(purchased from DAKO A/S, Glostrup, Denmark), both specific for d e s m i n ' 8 " These 
antibodies revealed the same staining patterns in our studies 
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(2) RV202, specific for v iment in, " available from Euro-Diagnostica BV, Apeldoorn, The 
Netherlands 
(3) 330-R5B4 and 330-R5D4, specific for embryonic myosin heavy chain (MHC)20 
(4) 219-1D1. specific for slow MHC 
(5) 9D10, an antibody of the IgM subtype, specific for t i t in,2 ' obtained from the 
Developmental Studies Hybridoma Bank, maintained by the Department of Pharmacology and 
Molecular Sciences, Johns Hopkins University, School of Medicine, Baltimore, MD, USA and 
the Department of Biology, University of Iowa, Iowa City, IA, USA, under contract 
N01-HD-6-2915 from the NICHD. 
RESULTS 
Intermedíate filament proteins and myosin isoforms in XLMTM skeletal muscle tissue 
Sections of XLMTM skeletal muscle revealed high levels of desmin (Fig. 1A) and vimentin 
(Fig. IB) expression. Both proteins were often found concentrated in the centre of the muscle 
fibres and showed a cross-striated distribution pattern in longitudinal sections (Figs 1C,D). 
Most of the larger, normal size fibres were not stained by the anti-vimentin antibody (Fig IB), 
while hardly any fibre was negative when stained with the anti-desmin antibodies (Fig IA) . 
Embryonic MHC was detected in numerous fibres with both antibodies used (Figs 1 E,F). Slow 
MHC was expressed in a mosaic checkerboard pattern (Fig. 1G). Especially the vimentin and 
embryonic myosin staining patterns varied between different fascicles; e.g. while some 
fascicles contained only very few vimentin-negative or embryonic МНС-negative fibres (Figs 
1B,F), in other parts of the biopsy numerous fibres negative or only weakly positive for these 
components were found (Fig 1E). 
Intermediate filament proteins in differentiating cultured skeletal muscle cells 
When differentiation of muscle cells was induced by withdrawal of nutrients from the culture 
medium, within a few days many multinucleated cells were observed in cultures of XLMTM 
(Fig. 2A), similar to what could be observed in the control cells (Fig. 2B). In both cases, 
differentiation was studied until long myotubes were formed. Phase contrast microscopy 
revealed no notable, structural differences between XLMTM (Fig. 2C,E) and normal cultures 
(Fig. 2D,F), except that nucleoli of XLMTM myotubes were more prominent (Fig. 2C,E). The 
circumference of nuclei in XLMTM myotubes (161.2 ± 13.9 pixels) did not differ 
significantly when compared to nuclei in control myotubes (157.4 ± 11.7 pixels). 
To study the development of myofibrils in muscle cell cultures the antibody specific for titin 
was used. The titin organization was used as a marker for the developmental degree of, often 
asynchronously differentiating, individual myotubes.1 4 In both XLMTM and control cultures 
titin staining patterns, representing all maturational stages between a punctate staining 
pattern (Figs 3A,C; 4E.G) and the characteristic mature doublet banding pattern (Figs 3A.C; 
41,K) were observed. These patterns correspond to a differentiational age of about 2 and 6 
days, respectively, M ' 7 In double labeling experiments with the anti-desmin and anti-vimentin 
antibodies, no differences between the XLMTM and the control cultures were observed. The 
strongest desmin expression was found in mononuclear cells and young myotubes showing 
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immature titin distribution patterns (Fig. 3). In myotubes that contain myofibrils with a mature 
cross-striated appearance when stained with anti-titin (Figs 3A,C), desmin levels were 
reduced but never negative (Figs 3B,D). Cells or myotubes with a punctate titin distribution 
pattern showed a comparable intensity and pattern of vimentin staining as titin negative cells 
(Figs 4A-H). Upon further maturation, when filamentous titin staining patterns were 
observed, a slight but significant reduction of vimentin levels was observed (Figs 4A-H). This 
reduction in vimentin expression was progressive during further differentiation, and in 
myotubes containing cross-striated myofibrils, vimentin expression was reduced beyond 
detection levels (Figs 41-L). In some myotubes myofibrils showed a variable degree of 
maturation (Figs 4A,C,K). In the regions with the most mature appearing myofibrils, vimentin 
expression was the lowest (Figs 4B,D,L). 
Figure 1. Immunofluorescence micrographs of skeletal muscle tissue of the patient with XLMTM 
incubated with the monoclonal antibodies to desmin (RD301; A,C), vimentin (B,D), embryonic MHC 
(330-R5B4; E, 330-R5D4; F) or slow MHC (G). Bar indicates 50 μπ\. 
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Figur· 2. Phase-contrast micrographs of cultured, methanol/acetone (1:1) fixed skeletal muscle cells of 
the patient with XLMTM (A,C,E) and an age-matched patient without known muscle disorder (B,D,F), 
five days after the induction of differentiation by withdrawal of nutrients from the culture medium. 
Note the presence of many myotubes containing large groups of nuclei in XLMTM (A) as well as in 
control cultures (B). Prominent nucleoli are only present in the nuclei of XLMTM myotubes (C,E| and 
not in the nuclei of control myotubes (D,F). Bar indicates 70 μπ\ (E,Fl, 110 μνη (C,D) or 225 μπ\ (A,BI. 
DISCUSSION 
X-linked myotubular myopathy is a rare, though well documented and severe muscle disease 
with an onset before or at birth. Consequently, most families show a history of spontaneous 
abortions and stillbirths, while most male newborn patients do not survive their first year of 
life,' due to severe hypotonia and respiratory failure as a consequence of generalized muscle 
weakness." Other tissues including the heart, the brain, the spinal cord and peripheral nerves 
have been reported not to be affected.3 , u However, some authors described signs of 
degeneration and regeneration in the sciatic nerve,6 and immature neuromuscular junctions.' 
Although most XLMTM skeletal muscle fibres have a small diameter, they show a 
differentiation in fibre types, alignment of adjacent myofibrils, the development of a 
sarcotubular system and other signs of maturation.'0'2'3 The oblique or longitudinal 
orientation of triads, the localization of nuclei, glycogen and mitochondria in the centre of the 
fibres, and the occurrence of high amounts of vimentin and desmin, are as in normal fetal 
myotubes and point to an arrest in the morphogenesis of differentiating myofibres.10 We have 
compared the desmin and vimentin expression patterns in skeletal muscle fibres with those in 
cultured muscle cells in a case of a well documented XLMTM family,1''2 in order to 
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investigate whether the failure to properly regulate IFP expression is intrinsic to the muscle 
fibres or induced by an external signal. 
Expression of differentiation markers is characteristic for XLMTM muscle fibres 
The in situ expression patterns of the skeletal muscle differentiation markers desmin, 
vimentin, embryonic MHC and slow MHC in our case are comparable to those described for 
other XLMTM patients. ,013·22·" On the one hand, the high amounts of embryonic MHC, 
desmin and especially vimentin definitely confirm the immaturity of the fibres. On the other 
hand, the aspect of maturity is stressed by the cross-striated titin (not shown here, but 
illustrated in ref. 13) and desmin staining pattern, indicating proper myofibrillar alignment. 
Furthermore, the myosin staining patterns indicate a normal differentiation into slow-twitch 
and fast-twitch fibre types. Silver et al.24 described a variation in fibre size between individual 
fascicles within a single muscle. Our immunohistochemical findings show that this 
phenomenon is associated with variable expression levels of embryonic MHC, and therefore, 
variable degrees of maturation of individual fascicles. Normal size fibres, typically present in 
low numbers in XLMTM muscle,6,10 and anti-vimentin, illustrating their advanced stage of 
differentiation (see also ref. 13). 
Figure 3. Double-label immunofluorescence micrographs of different stages of differentiating cultured 
muscle cells from the patient with XLMTM (A,B) and a control patient (CO). Desmin (DE-R-11) 
staining patterns (B,D), are compared to the staining patterns of anti-titin (A,C). Corresponding 
myoblasts or myotubes in A/B and C/D are indicated by arrows or arrowheads. Punctate (arrows), 
filamentous (open arrowheads) and cross-striated (closed arrowheads) titin staining patterns, show the 
increased maturation of the muscle cells. Bar indicates 50 //m. 
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Figure 4. Double-label immunofluorescence micrographs of different stages of double-stained, 
differentiating cultured muscle cells from the patient with XLMTM (A,B,E,F,I,J) and a control patient 
(C,D,G,H,K,U. Vimentin staining patterns IB,D,F,H,J,L) are compared to the staining patterns of 
anti-titin (A,C,E,G,I,K|. Note that the maturation of the myotubes, as indicated by titin staining 
patterns (see also legends to Fig. 3), is accompanied by a decrease in vimentin levels in XLMTM as 
well as in control cultures. Bar indicates 50 μπ\ (E-L) or 100 μχη (A-DI. 113 
Nevertheless, the expression of desmin remains high also in these otherwise mature 
appearing fibres. This finding, taken together with the finding that in some XLMTM patients 
virtually no muscle fibres express vimentin or embryonic myosin but large amounts of 
desmin'3, indicates that the persistance of desmin filaments is characteristic for XLMTM, 
which has been suggested to play an important role in the pathogenesis of this disease.10 
Linkage studies have recently mapped the XLMTM locus to X q 2 8 . n " 2 7 3 a Considering the 
chromosomal localization of the genes encoding desmin and vimentin (chromosomes 2 and 
10, respectively2 '), these genes can be excluded as candidate genes for XLMTM. Sarnat 
suggested that mutations in vimentin or desmin suppressor genes might cause XLMTM.30 
Normal myofìbrillogenesls and IFP expression In cultured XLMTM myotubes 
The expression levels and localization patterns of desmin and vimentin dramatically change 
during myogenesis.31 " The process of human muscle cell differentiation in vivo, can be 
mimicked in vitro. We previously showed that vimentin disappears from maturing, aneurally 
cultured myotubes, and that desmin amounts increase in early stages of differentiation, but 
decrease concomitant with reorientation of the desmin filaments.'4 Furthermore, virtually all 
stages of myofibnllogenesis could be identified by staining with anti-titin antibodies. '4 '7 This 
culture system has been used by us to compare IFP expression in XLMTM and control 
myotubes during several stages of myofibnllogenesis. 
The reactivity patterns obtained with anti-titin antibodies reveal that all stages of 
myofibnllogenesis observed in normal skeletal muscle cultures,14 were also observable in 
differentiating XLMTM myotubes. Since mature banding patterns of tit in are always 
accompanied by a mature localization of other sarcomere constituents,17 we conclude that 
the myofibrils in XLMTM muscle cultures are normally maturated. In XLMTM cultures, the 
expression patterns of desmin and vimentin were not altered when compared to the 
age-matched control muscle cells and muscle cultures studied earlier.'4 '7 In other words, the 
persistance of IFPs as seen in the biopsies of our patient and other XLMTM patients,1013 is 
not reproduced in vitro. This observation indicates that the abnormal regulation of IFP 
expression is not an intrinsic, primary defect of XLMTM muscle fibres. 
Muscle cultures derived from XLMTM patients have been studied before by Askanas et a l . '2 
At the light microscopical level these authors observed myotubes with unusually great 
numbers of large, clustered nuclei, when compared to control cultures. We observed large 
groups of nuclei in both XLMTM and control myotubes after 5 days of differentiation, and 
thus considered this phenomenon normal for in vitro muscle cell differentiation. Other 
reported signs of immaturity, such as the lack of striated myofibrils in cultured XLMTM 
myotubes, could not be reproduced in our XLMTM cultures. This discrepancy may be the 
result of the improved culture conditions we have used. '4 3 3 Our results confirm, however, the 
presence of prominent nucleoli in XLMTM myotubes, indicating a more active protein 
synthesis in XLMTM myotubes. 
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Immaturity of XLMTM myofîbres: a result of a neural defect? 
Skeletal muscle cell determination and differentiation during early embryogenesis are 
regulated by the different members of the MyoD gene family.34 These genes are not 
X-chromosomal and therefore no candidate genes for XLMTM. One of the transcription 
factors encoded by these genes, myogenin, is responsible for muscle fibre maturation.34 In 
mice lacking functional myogenin genes, not only few myotubes are formed, but they also do 
not develop mature myofibres. Cultured myoblasts derived from these mice with 
null-mutations in the myogenin gene, differentiate normally,35 indicating that the in vitro 
conditions lack an inhibitory factor, that negatively regulates myogenesis.34 
At advanced developmental stages, muscle cell maturation is regulated by innervation.36 In 
most XLMTM patients a normal morphology of nervous tissue as well as neuromuscular 
lunctions (NMJ) was reported ' 0 2 4 A normal morphology is, however, no guarantee for normal 
functioning. Furthermore, XLMTM-lmked abnormalities of the sciatic nerve6 as well as 
immature NMJ,8 were described in other patients. Defects in a certain, possibly neural, 
muscle fibre maturation-regulating factor, might therefore result in delayed or arrested 
skeletal muscle development in XLMTM patients.3 8 8 3 7 The fact that absence of neural 
influence in our aneural muscle cultures is associated with normal muscle fibre differentiation, 
at least with respect to the regulation of IFP-expression, supports this assumption. 
Unfortunately, IFP-expression was not studied in the experiments by Askanas et al., who 
observed that the addition of fetal rat neural extracts to XLMTM muscle cultures, did not 
change the characteristics of the muscle cells.'3 The main observation of these authors was a 
low level of adenylate cyclase in their XLMTM muscle cultures. They concluded that the 
abnormalities were intrinsic to the muscle cells, and suggested that the inability of XLMTM 
muscle fibres to respond to neural, maturing influences caused their maturational arrest.'2 
Our results concerning IFP-expression do not confirm their hypothesis 
It should be considered that, like in McArdle disease38 and some other muscle diseases,38 in 
XLMTM the missing or defective protein is not expressed during the early stages of skeletal 
muscle fibre maturation that can be studied in vitro. The abnormalities in XLMTM muscle 
cultures noted earlier in a patient from the same family,'2 provide evidence against this 
possibility. 
Conclusion 
Although cultured XLMTM muscle cells were reported to show abnormalities in the 
maturation of the myotubes,'2 the characteristic persistance of high levels of IFPs of the 
desmin and vimentin type in the muscle fibres, is not found in vitro. This observation 
indicates that the failure to regulate in situ IFP expression is not intrinsic to the muscle fibres. 
This failure might be the result of a defective, possibly neural factor, that is withheld from 
the muscle cells in tissue culture conditions. Studies to test this hypothesis, using coculture 
experiments with XLMTM myotubes and rodent embryonic motor-neurons are in progress 
Our results, taken together with those of Askanas et a l . , '2 might implicate that XLMTM is 
caused by abnormalities in both, skeletal muscle and neural tissues 
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The clinical manifestation of myotonic dystrophy (DM) Is correlated to the extent of expansion of an unstable 
(CTG|n DNA motif. Recent studies have demonstrated that this trinucleotide motif forms part of the last, 3' 
untranslated exon of a gene which potentially encodes multiple protein Isoforms of a serine/threonine protein 
kinase (myotonic dystrophy protein kinase, DM-PK). We report here on the development of antlsera against 
synthetic DM-PK peptide antigens and their use In biochemical and hlstochemlcal studies Immunoreactlve DM-
kinase protein of 53 kD Is present at low levels In skeletal and cardiac muscle extracts of DM patients and normal 
controls. Immunohlstochemlcal staining revealed that DM-PK Is localised prominently at sites of neuromuscular 
and my ote ndl nous junctions (NMJs and MTJs) of human and rodent skeletal muscles. Furthermore, very low 
levels of Immunoreactlve DM-PK protein are present In the sarcoplasm of predominantly type I fibres In various 
muscles Strikingly, presence of the protein can also be demonstrated for NMJs of muscular tissues of adult 
and congenital cases of D M , with no gross changes in structural organisation Our findings provide a basis for 
further characterisation of the role of the kinase In protein assembly processes or signal mediation at synaptic 
sites and ultimately for the understanding of the complex pathophysiology of D M . 
INTRODUCTION 
M>otoniL dystrophy (DM) is an autosomal dominant inherited 
disease and die most prevalen! muscular dystrophy in adults The 
disease is progressively worsening during the life of D M 
individuals and shows increased clinical seventy over successive 
generations in DM pedigrees (anticipation, potentiation) Besides 
myotonia and muscular weakness, other symptoms point to 
delects in the central nervous system, peripheral nerves, the eye. 
ihe heart and endocrine tissues l The clinical manifestation and 
the age ol ousel ol D M are correlated ю mutational expansion 
ol an unstable |CTG|n DNA repeal : 5 This expanding [CTG) n 
repeal is located at chromosome segment I9ql3 3 and lorms part 
ol the 3' le m и nal exon ol a gene encoding a protein with putative 
se г ι ne/threonine protein kinase activity In the vicinity of this 
locus arc several other genes which may also be causually 
involved in the etiology ol the disease * In spite of the recent 
progress in studying the D M mutation there is presently not much 
known about the relationship between the behaviour of the 
(C1 G|n repeat and its effects on gene expression or the variable 
clinica] manifestation of D M hor the anticipation and potential ion 
et feet s in D M , cis dominant influences ol the CTG expansion 
on DNA transcription, RNA splicing or mRNA stability have 
been postulated2 5 Recent studies on D M PK mRNA and 
protein levels in adult and congenital D M (issues and cell lines 
* I n uhi4ll LOnxspDikJciKL should be dddriiscd 
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have shown conflicting results Both downregulation due to 
monoallelic expression of the wild type al lele 6 7 and upregul 
anon" were lound 
We have decided to locus on the comparative characterisation 
of DM-PK isotorm tunciion(s) in D M patients aitd normal human 
and animal controls Here we report on the (issue distribution 
of the protein product(s) of the D M PK mRNA in normal and 
diseased muscle as a first step in our study ol the molecular 
etiology of this disorder 
RESULTS 
Development of DM-kinase specific antibodies 
The predicted protein structure ol D M PK as based on 
comparison of human and mouse gene sequencing data4 entails 
a putative signal domain, a kinase core domain, a connecting 
hinge region, an α helical coiled coil lorming domain and a 
hydrophobic СчегтшаІ end (Fig I ) To design synthetic peptide 
antigens, the predicted amino acid sequences of the D M kinase 
proteins were screened for regions that were identical in man 
and mouse, but had no homology to protein sequences including 
any of the known protein kinases, in data bases Two synthetic 
16-mer peptide antigens (DM/pepi and 2) weie selected ihat 
рерЗ 
pep! 
GLRDSVPPFTP 
pep2 
DFEGA 
figure 1 Structural organisation of the mouse DM kinase gene and proiein(s) and localisation of the synthetic peptides used as immunogens. The pniicin structure 
as predicted Іпіш sequence data1 ·" and the positions of the three synthetic peptides used for production of polyclonal antiscra to the DM kinase in rabhils arc given 
Mie fourteen open boxes represent the gene's regular exons; shaded boxes 1 -V represent alternative spliced regions. The N-terminaJ end of the protein may represent 
a cleavage signal peptide, the alternative intron in exon 8 (region I) yields an extension of the domain with ser/thr kinase activity, the small alternative exon at the 
end of exon 8 (region II) encodes a putative glycosaminoglycan attachment site. Additional С terminal extensions represent the domains with »helical coiled eoi I 
eonlormulion and the hydrophobic terminus. The approximate positions of stop codons in alternative reading frames are indicated by А. В. C. and D 
correspond to sequences at the end of the kinase domain and 
which may be present or absent in the protein due to alternative 
splicing (Fig. I). 
In addition, one further 9-mer peptide (DM/pep3) 
corresponding to a unique variable segment of the otherwise 
strongly conserved ser/lhr kinase domain was used to raise 
polyclonal antibodies in rabbits. All antibodies reacted with the 
mouse specific DM-PK isoforms produced as Glutathione-S-
transferase-kinase fusion proteins in bacteria as anticipated (Table 
I ). Anti DM/pepl and anti DM/pep2 differentiate between fusion 
proteins with (i.e. protein 1.1) or without (i.e. proteins 15.1 and 
15. IRE) the alternatively spliced exon I encoded amino acids 
(Table 1). Furthermore, though peptides DM/pepl and DM/pep2 
have a short region of overlap, no cross reactivity was observed 
on filter-immobilised peptides. Therefore all peptide antisera can 
be considered independent reagents. 
Western-blotting 
We used these antisera to detect DM-PK protein in extracts from 
tissue biopsies by Western blotting. Samples of cardiac and 
skeletal muscle of normal controls and DM-patients showed 
immunoreaclive protein as a distinct but rather fuzzy band of 
a molecular size of 52-53,000 daltons (Fig. 2). This protein 
was clearly smaller than the protein detected by a monoclonal 
antibody (MoAb) against the 57kD intermediate filament protein 
(IFP,) vimentin'0 (Fig. 1С) but only marginally smaller than 
desmin10, a 53 kD IFP (not shown) which were included as 
controls. Though the level of DM-PK varied between tissues and 
individuals, we cannot at present reliably quantify the differences, 
the reason being ihat the DM-PK has a highly localised tissue 
distribution (see below). Choice of sampling location, therefore, 
may bias the assay. 
Table 1. Characterisation of anu-DM PK amisera on Western blots of GST/DM 
PK fusion proteins 
Fusion protein GST 
ami- DM/pepl 
anti-DM/pep2 
anti-DM/pep3 
anti-GST 
1
 Not tested 
Bacterial lysates harboring the GST20 protein or GST fusion proteins containing 
truncated segments of DM-PK. with or without the peptide 3 amino acid sequence 
or (he alternatively spliced exon I. were analysed by Western blotting. Presence 
or absence of antigenic reactive material with any of the four different untisera 
(.inn DM/pepl anü-DM/pep2, anti-DM/pcp3 and anti-GST control) is indicated 
with + or - respectively The definition of the actual contení of each DM-PK 
variant is given in Materials and Methods. 
Iiiiinunoiustocheniical localisation of the DM kinase antigenic 
protein 
Affinity purified antibodies of the three DM-PK antisera were 
used for immunohistochemical localisation of antigenic protein 
in cryostat sections of human and rodent muscle. In cross sections 
of adult skeletal muscle of rat (Fig. 3A.C), mouse 
(Fig. 3D,F,G,I), and human (Fig. 4A,C)t a rather weak positive 
overall reaction was seen within the myofibres, and near the 
sarcolemma. Upon staining with anti DM/pep3, often a more 
conspicuous staining (intensities depended on the serum batch 
tested) of sites near the sarcolemma was observed (see for 
example Fig. 4A). As we do not know at present whether this 
reaction can be considered specific, this issue is not further 
discussed here. Using enzymatic staining for ATPase pH 4.3 (acid 
ATPase) or myosin heavy chain subtypes, fibres in adult skelclal 
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figure 2 Immunoblotting uf extracts of nonna) and DM cardiac and skeletal 
muscle Fractionated proteins of normal aduli cardiac muscle (lanes I), aduli DM 
carduc muscle (2), cungcntoJ DM cardiac muscle (3.4), normal preterm (28 weeks 
gesuuon) skeletal muscle (5). congenital DM skeletal muscle (6,7) transferred 
lo nitrocellulose were incubated with anti-DM/pepI (A) or anti DM'pep2 (B) 
Ine blot shown in (C; is the same blot as shown in (B) reincubaied with RV 
202, a mouse MoAb lo vimenlm i u Vague staining ol proteins with molecular 
sues of HO and > l50kD (as seen in lanes 5) was seen with all antibodies and 
is considered aspecific The positions ol molecular weight markers are indicated 
to the left 
muscle sections that yielded a weakly positive reaction in a typical 
'checkerboard-1 ike' staining pattern, were identified as type 1, 
or slow twitch oxidative fibres (Figs 4A.B, note also differences 
in overall fibre staining intensities in 4C). In cross sections of 
skeletal muscle biopsies from myopathic patients (e.g. myositis, 
Duchenne) a prominent, homogeneous staining of regenerating 
fibres was seen with the antibodies. In double labeling 
experiments these fibres were also stained by a mouse MoAb 
to embryonic myosin". Similar pictures were obtained with 
sections of embryonic mouse muscle (not shown). Upon double 
Figure 3. Immunolocalisaiion of DM protein kinase in rodent skeletal muscle. 
Shown are 6 μιιι cryostat cross sections of norata! rat limb muscle stained with 
anii-DM/pepl (A,C) or with a-bungaroloxin (B). and norma! пкніье limb muscle 
stained with anti-DM/pep2 (D,F), anii-DM/рерЗ (G,l) or a-bungarotoxin 11..H | 
Ann DM/pepl,2and 3 all sunn NMJs (A.D.G), that were identified in the same 
•MÌO· with ubungaroioJun(B,E,H), and MTJs (C.F.l). Bar = 50 «mi (D 1). 
or 100 ,»in ( A - C ) . 
labeling of adult muscle sections with anti-DM/pepI, 2 and 3 
antisera and rhodamine-tagged a-bungaroloxin to label 
specifically acetylcholine receptors (AChRs), a significant portion 
of the DM-PK immunoreactivity was located at spacially 
restricted sites near the muscle fibre surface, consistent with the 
sites of neuromuscular junctions (NMJs) in both rodent 
(Fig. 3A/B, D/E, G/H) and human (Fig. 4C,E/F) muscles. 
Analysis of longitudinal and cross-sections ol selected areas of 
human and rat diaphragm, known to be particularly rich in 
neuromuscular junctions, extended and confirmed this observation 
(not shown). Cultured rat myotubes also showed an obvious co-
localisation of DM-PK with spontaneously occuring clusters of 
AChRs (Fig. SA,B). In addition to staining type I fibres and 
neuromuscular junctions, the anti-DM-PK antisera displayed a 
significant staining of myoiendinous junctions (MTJs) (Figs 
3C,F,1,4D) and the intrafusal fibres in muscle spindles in skeletal 
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Figure 4 Immunol, к .ilisjii.m ol DM [ІІЧІЧІІ kinase in ηοπηαΐ and DM human 
skeletal musclü specimens Shown arc Ь μΐη cryostat cross sections ol nomiaJ 
aduli muscle ( Л - С ) . normal neonatal muscle (I)—F), congenital DM muscle 
((•,11) and a longitudinal section ot a single niyol'ibie ol adult DM muscle ( ! J ) , 
stained with anil DM рсрЗ (A.D.I..G.I), a mouse monoclonal antibody to the 
slow subtype ol myosin heavy . ham (H) and DM pcp2 ( Q or « buinzartHoxin 
( I H . J ) Note Üul anti I'M pepi weakly stains die myolibrcs (A) (lui aie identified 
as i ) | * 1 fibres in a serial section lb] Incubanon with anil DM/pep2 results in 
a similar rciilivny pattern ( O white also the NMJs. present in (his section, are 
stained In D the staining ol human MIJs wiUi ano DM/pcpì is depicted fc-J 
show that UNÌ DM'pep* siains NMJs in normal preterm (F.). congenital DM (G) 
and adult DM th skeletal muscle, that were identified m the same sections by 
an nv-uhjlion with u buiiguroloxin ( l - .HJj Bar - 30 μη\ (I.J). 5tl /»in l C - H ) 
or DMl
 μ η ι .A Hi 
muscle, intercalated discs in cardiac muscle and dense plaques 
in smooth muscle cells. In ι he brain most neurons, including (he 
cerebellar Purkinje cells, were stained (Fig. 5C,D). Similar 
results were obtained with affinity purified antibodies from all 
three ant ι sera and in both human and/or rodent tissues. The 
reactivity patterns were not t>bserved when immunogens ( 1 Mg/ml) 
were added lo the incubations with the DM-PK antisera (Fig. 6), 
after omission of the primary antibodies, or when the anti DM-
PK sera were replaced b> preimmune sera. 
Figure 5 ImmunolocaJisalion of DM PK in cultured rat niyinubcs and mouse 
brain Shnwn are cultured primary rat myoiubes (Λ,Β, arrows) ¿iiid 6 μηι cryostat 
sections ot mtMise brain (C,D) stained with anil DM/pepl (А), и bungarotocin 
(B) or ant ι DM/pep3 ( C D ) Note the exact colocalisation ot DM PK with 
spontaneous clusters ol AChR also sLaincd by abungarotoxin (arrowheads) ( O 
depicts the staining of cerebellar Purkinje cells, while in (D) the staining ol the 
Amnion's horn of the hippocampus is shown Bar = 60 μηι (A.B). 100 pill (C) 
or l KU um (D). 
The structure of the DM-PK molecule with its signal sequence, 
its α-helical domain and its hydrophobic stretch is suggestive for 
an association with the sarcolemma and/or the cytoskeleton 
Indeed, reaction patterns did not change when tissue sections were 
treated with the ηυη-іошс detergent Triton X-HX) before 
incubation with the antibodies. This means that at least some 
forms of DM-PK are non-soluble and possibly organised into 
cytoskeletal frameworks at or near the sarcolemma.12 
Evidence for presence of 1 )\1 kinase protein in NMJs «f DM 
patients 
Surprisingly, muscles in autopsy material of an adult and a 
congenital case of DM, carrying increased repeat lengths oi 
800- KXXJand KHK)- 1500 CTGs respectively, showed staining 
patterns not significantly different fremi those in normal muscle 
(Fig. 4). Of course, for a more accurate comparison between 
healthy individuals and DM patients, in silu quantitation of 
fluorescence signals of NMJs of muscles with a graded seventy 
in disease manifestation will be required. 
DISCUSSION 
To our knowledge, this is the first analysis ot the highly specific 
tissue distribution of the DM kinase protein. As tools three 
independent polyvalent anti peptide sera were develo|>ed and 
similarities in distribution patterns in human and rodent 
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Hgi in 6 lili к kjHfj oí .inn DM 'PK i iMumu patterns with ilic immunogen Shown area cryostat section ol adult ι at skeletal muscle, double stained with α bungaroioxin 
(A) and anil DM pepi ni the píeseme t»f Ι μ£ nil ininiunogcn (B) and serial eryostai sections incubated with ani ι DM'pepI (С) or ¡mi iDM'pcpl in the presence 
ol I яВ ml nnniunogcn (I)) Note ine absence oi anli DM'pepI Staining 0І NMJs (A.B. compare with l igs ЗА В) or MTJs (CD) alter addition til Ilk: immunogen 
Ю the incubations Bar - 50 μΠί 
neuromuscular tissues were recorded DM-PK antigenic materia) 
is prominenti) present in young muscle ("ihres und concentrates 
ai many sites of cell-cell contacts in neuromuscular tissues. This 
allocation resembles (he developmental and neural regulation of 
a recently described subsarcolemnul 41 kl)a rat antigenic 
protein1 1, and the intracellular routing ot a synaptic 43 kD& 
protein1 4. Our antisera (as specified in Table 1 and Fig, I) do 
recognise all DM-PK isotorms in which the ultimate C-terminal 
portion ol the kinase domain is retained. In muscle (he 53 M) 
protein seems to be the predominant isotorm. In absence ot data 
about the structural features and lunction(s) of the DM-PK 
isotorms we can onlv speculate about the significance oí our 
observations and their role in the pathophysiology ol D M . Most 
significant is our observation of the marked concentration ot DM-
PK at sites of specialised membrane regions like NMJs and MTJs 
in skeletal muscle, intercalated discs in the heart and dense 
plaques in smooth muscle cells. It may also be of importance 
that the sunning of muscle spindles, which in human occur 
prominently in head and neck region, was particularly strong. 
Preliminary typing as shown in Fig. 5C.D also showed Purkinje 
cells and several other neurons oí the cerebellum and other parts 
ol the brain to be stained by our antibodies. It the [CTG)n DNA 
expansion interferes with the nature or expression level of the 
DM-PK it is conceivable that muscular atrophy, myotonia, heart 
failure and impaired intellectual attainment may be a direct 
consequence of changes in DM-PK regulated synaptic signal 
mediation or the assembly of the junctional architecture. This 
suggestion is in keeping with earlier theories that have classified 
D M as a disease of unresponsiveness to innervation or 
abnormality in the control ot muscle1 ' '1617 resulting in 
attenuated fibre development in the diaphragm, tongue, pharynx 
and neck regions in ca.ses of congenital DM, ' · * • * and with 
the experimental support lor altered motor neuron excitability 
m DM 2 1 . In this respect it is interesting to note that Kobayashi 
et al.12 described thai AChR clusters on cultured myofibres 
troni DM patients were immature and less well organised when 
compared to myofibres derived from normal muscle. 
Recent reports describe that levels of DM PK niRNA and 
protein in muscle of congenital DM or adult DM patients are 
altered Fu et ai b and Novelli et al1 reported that expression 
was reduced due to only wild t)pe allele expiession7 in the more 
severe cases of adult DM. In contrast. Sabotino Cf al* found 
elevated levels ot mutant inRNA in congenital DM tissues and 
in cell lines. We surmise that these apparently conflicting 
results—at least in part—can be explained by variations ш 
expression levels in different fibres during inaiurational or 
regenerative processes Moreover our results underscore that the 
protein is found at highest concentrations in highly specialised, 
non-homogeneous i у distributed structures of muscular tissues 
Thus, the choice of sampling location may, especially in skeletal 
muscles, actually be a critical determinant in RNA and protein 
quantitation assays. Very recently it has been shown that D M -
PK (perhaps as a result of alternative splicing) can partition over 
paniculate and cylosolic fractions23. Therefore, a consensus has 
to be reached about the most efficient protein extraction 
procedures tor radiolabeled immunoassays or Western blotting 
At present due to the overall lack Ы data on properties ol D M -
PK protein isotorms these procedures cannot easily be 
standardised. In any event, our results do not reveal án oven 
lack or grossly abnormal structural organisation of DM PK or 
AChRs in NMJs of D M patients, despite significant (CTG)B 
expansion. 
In conclusion, although our morphological findings fu certain 
clinical observations, further speculation must await the 
characterisation of the precise subcellular location ol DM-PK-
pre- or postsynaptic, intra- or extracellular—as well as the 
identification of substrate proteins thai undergo phosphorylation 
by DM-PK. Furthermore, in order to establish correlations 
between our morphological findings and the clinical picture, we 
need to generate more refined. DM-PK isofoim-specific, 
immunogenic reagents and sophisticated ultrastructuial 
procedures 10 examine the many allecled tissues ot D M patients 
and to explain the highly complex multisysteniic character of (his 
frequent heritable disorder. 
MATERIALS AND METHODS 
Production uf d.SI l ) \ l I'K liisum proteins 
Truncated mouse DM PK cDNAs. wnii and without llie alternative iniron I region 
(rel.5. Hg 1) or ine N terminal portion ot DM PK were cloned into tltc pti l.X 21 
expression vector** and GST/DM PK fusion proteins were produced in /• mit 
using standard procedures-4 IUSHHI pioteiu 15 i . stalling in с von A. I.uks region 
1 and contains regions t l . 111. IV. and V. lusion prolan I | Lek s the N laminai 
portion ol the DM PK catalytic domain Marti m cxoii H. hut coulants legions 
I. I I . and I I I . and l.i.k- regions IV and V Fusion prole in 15 1Kb was produced 
itoni a pGHX 21 vector containing a V КАСТ, extended cDNA (Jansen </ о/ . 
unpublished) which spans the cnlire N laminai |юпіоп ol DM PK лііі і excejHion 
ol region I. ending jusl betöre region II 
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(Ïem-ralion und affinity purification of polyclonal aoüscra 
Synthetic DM региик» RLGRDFEGATDTCNFD (pepude I), GLRDSVPPF 
ΓΡΜ-CGA (peptide 2) and N G D R R W I T Q (peptide 3) were synihesised using 
Mandarli pn«.i-dure:, and coupled lo bovine scrum albumin (BSA) wilh 
міаісіткіопсжапоуі N hydroiysuccirurnide (MHS)2 3 (pepudes 1,2) or used as 
antigen directly (peptkk J) To raise polyclonal aniisen, rabbiu were injected 
lour times dl three week intervals (1 mg pepude/injecuon in Freunds adjuvant) 
and sen were collctied Specific antibodies (anti-DM/pcpl and anli-DM/pep2 
respectively) wore alliniiy purified from the sera using the partially punned 
g Illudili ine S iranslerasc/DM kinase fusion protein 1 I Bacteria were lysed and 
the insoluble Ігасіюп containing the inclusion bodies16 was pelleted by 
lentnfugalion Proteins were solubütsed in 0 25% SDS/100 mM MOPS, pH 6 5 
and linked ui AlTigcl IS lulumiu following the recommendations of the 
manufacturer (ItaiKad) Ami DM peptide κ η were incubaied with the column 
material I»if 1 h Unbound proteins were removed by cuensive washing with 
Pht^pruh: Buffered Salme (PBS) Speafiuilly hound immunoglobulins were clulod 
Ігош the column with 100 mM glycine HCl, pH 2 S After adding 0 1 volume 
10 x PBS und neutralisation with NnOH. the same procedure was repeated with 
the iiiimunogcn (ι с peptides coupled to BSA) linked to Afl'igcl IS Alter 
neutralisation iiiimuno^Uibulins were used in our experiments Details regarding 
the preparation ol peptide 3 immun igcnic nutcnal und anti DM/pcp 3 antibodies 
will be reported elsewhere ( H I fc,MBP| 
('haracterisatlun иГ antisera on Western blot* wilh CST/DM-PK proteins 
and іниыгіс rxtracb 
Uaueria with the appropriale pGbX constructs24 were induced with IPTG to 
*угаІісм/е US Г or GST/DM PK fusion pnncins according ui standard procedures 
Нагісгы were pelletai by icnlnfugalion und boiled in SDS sample buffer Extract* 
ni nonna! und DM tissues were pnxJuccd by boiling 20 μΐπ cryostat tissue sections 
in SDS sample buffer Samples were run on SDS Polyacrylamide gels and 
transferred u> тігосеііиііье using bandoni procedures Bkas containing bacterial 
eiUdLis were intubated with the alTiniiy purified DM PK aniisera at various 
dilutions ш Tns buflercd saline. 0 05 if Τ ween 20 (TBST) or, as a control, with 
a mouse ami GST MoAb developed al our Uboraiory (G В ten Dam, unpublished 
results), io kicnlily GST and fusion proteins Wesiern blots with tissue entraos 
«ere incubaicd wnh the anil DM PK sera in a I 500 ddulion in TBST or, with 
mouse MuAbi against vimcntin or dcsminlu (kind gifts of Dr F Ramaekers, 
Maastricht. The Netherlands) at a 1 3 dilution in YBST Subsequently the blots 
were incubated with alkaline phosphatase conjugated secondary antibodies and 
develiiped in substrate dilution using a Promcga Protoblot kit according to the 
manulucturcrs specifications 
InimunohisloLhcmtcal procedures, collection of tissues and cultivation of 
niyirtubes 
Ншішл tisMius were obtained with inlormcd consent at autopsy from one female 
D M putieni (died at age 66. classical DM features) and from a congenital case 
«•I DM (28 weeks premature, died after birth from respiratory insufficiency) 
Mustie biopsies were collecied immediately after death (mdent tissues) or within 
S - 8 hours post mortem (human ііьшс») They were frozen in liquid mtrogen 
and stored at - I J5°C 
Rat niyotubcs were cultured in vitro and prepared for immunofluorescence 
analyses as described earlier'7 -4 For unmunostaining, cryostat tissue sections 
(6 fint thick) were prcincubatcd with 10% normal swine or goal serum in PBS 
Subsequently they were intubated wnh antiDM/pepl. anti-DM/pep2, anu-
DM'pep3. or mouse MoAbs specific lor the embryon*, or slow subtype of myosin 
heavy chain (kind gilts of Dr A Wcsscls. Amsterdam, The Netherlands) The 
scellons were nased in PBS and incubated Willi FITC labeled swine anti rabbit 
immunoglobulins (Dokopans, Glostrup, Denmark) or Texas Red labeled goal anü-
mousc immunoglobulins (Southern Biotechnology Associates, Birmingham, 
Alabama. USA) all л cording to standard conditions-7 In mosl experiments 
modammc labeled a bungarotoun (Molecular Probes Ine , Eugene, OK, USA) 
was added to the c4>njugatc Spec ι f t labeling was visualised with a Zeiss Axioskop 
Muorescence microscope 1 nton X 100 extradions were performed by incubation 
ul the tissue scellons m 0 5% Triton X 100 in PBS during S min at room 
temperature Controls included omission ol primary antibodies, substitution of 
in unum' sera by ргсшшшпс sera and incubation in the presence ol excess 
concentrations ol soluble immunogen 
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ABSTRACT 
The spatio-temporal distribution of myotonic dystrophy protein kinase (DM-PK) during 
development is a critical determinant in the clinical manifestation of myotonic dystrophy. This 
report describes the expression patterns of DM-PK mRNA and protein in embryonic, neonatal 
and adult stages of skeletal, cardiac and smooth muscle development. Using in situ 
hybridization on whole mount or sectioned mouse embryos we could demonstrate DM-PK 
mRNA to be present in myotome regions of somites of 10.5 days old mouse embryos. 
Subsequently during development, expression is seen at all sites containing smooth muscle 
cell lining or skeletal muscle. Surprisingly, cardiac DM-PK expression is prominent but has a 
delayed onset. Antisera raised against synthetic DM-PK peptides confirmed DM-PK 
expression in somites. DM-PK showed a reticular distribution pattern in proliferating cultured 
human skeletal myoblasts while differentiated myotubes, immature fibres in mouse embryos, 
secondary fibres in newborn mice and regenerating fibres in myopathic human muscle 
biopsies showed a more homogeneous staining. In adult skeletal muscle, DM-PK is mainly 
found in myotendinous junctions and, after the development of junctional folds, co-localized 
with AChRs and basement membrane proteins in neuromuscular junctions. In the prenatal 
human heart DM-PK shows a punctate distribution pattern that precedes its localization in 
intercalated discs at later stages of development. In smooth muscle cells DM-PK is localized 
perinuclearly and in specific subsarcolemmal structures. Consequences of the DM-PK 
expression and localization patterns for the etiology of DM are discussed. 
INTRODUCTION 
Myotonic dystrophy, the most frequent inheritable neuromuscular disorder in adults, is 
caused by an expansion of an unstable CTG repeat in the 3' untranslated region of a gene 
that encodes a putative serine/threonine protein kinase1'4. In the DM-PK gene product several 
functional domains can be distinguished including i) a N-terminal domain which may serve as 
routing or location signal, ii) a segment with putative catalytic serine/threonine protein kinase 
specificity, iii) a small alternatively spliced segment which may act as a glycosaminoglycan 
(GAG) attachment site or has an as yet unknown function, iv) an α-helical domain and v) a 
C-terminal terminal hydrophobic stretch 6 9 . Due to alternative splicing several isoforms of 
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DM-PK may exist with variable portions of the C-terminal segment of the p r o t e i n 4 8 7 . 
In adult DM patients, myotonia accompagnied by wasting, weakness and stiffness of 
skeletal muscles are the most prominent symptoms which mainly appear between the age of 
1Б and 35 years Several other systems may also be affected. Abnormalities of for example 
smooth muscles, eye lens, central and peripheral nervous system, endocrine tissues as well 
as ECG abnormalities (conduction failure) and sudden cardiac arrest have been reported'. 
Severity end age at onset of these manifestations is dependent on the length of the 
CTG-repeat in patient tissues (see references in 9) and usually symptoms are progressively 
worsening during life. In the most severe cases of DM (congenital DM, CDM), hypotonia, 
respiratory failure and feeding difficulties, but not myotonia, are the principal features. 
Histological signs of muscular immaturity point to a delay or arrest in late muscle 
development and maturation1 0. Those patients that survive early childhood invariably develop 
symptoms of adult DM 
The effect of the mutation on expression levels of DM-PK has now been studied by several 
g r o u p s 7 " ' 3 . Surprisingly, conflicting results involving both over- and underexpression of the 
molecule were reported that may be the result of non-optimal choice of control tissues or the 
non-homogeneous distribution of DM-PK protein in skeletal muscles' 4 ' 5 . The highest 
concentrations of DM-PK protein in skeletal muscle were recently found in neuromuscular 
junctions (NMJs) and myotendinous junctions (MTJs)". This localization suggests that DM-PK 
has a function in the assembly of these highly specialized membrane regions or in synaptic 
signal mediation. Although no obvious changes in DM-PK localization were observed between 
normal and DM tissues, these functions may be disturbed in DM tissues as a result of 
changes in expression levels or (alternative) splicing patterns of the DM-PK mRNAs. 
This report describes a further characterization of DM-PK mRNA and/or protein expression 
during in vivo and in vitro muscle cell differentiation. Moreover, the localization of DM-PK in 
developing and adult cardiac muscle and in smooth muscle tissues are described. Our results 
show that DM-PK is expressed in all muscles during embryonic development and that its 
distribution pattern in skeletal and cardiac muscles is developmental^ regulated. 
MATERIALS AND METHODS 
Tissue specimens 
Human tissues were obtained with informed consent at autopsy from individuals without 
known muscle disorder, from one female DM patient (died at age 66, classical DM features) 
and from a congenital case of DM (28 weeks premature, died after birth from respiratory 
insufficiency). Specimens were collected within 5-8 hours post mortem (human tissues) or 
immediately after death (rodent tissues). They were frozen in liquid nitrogen and stored 
a t - 1 3 5 ° C . 
Mice 
Embryos were isolated from pregnant NMRI mice (in situ hybridization studies) or C57BL/6 
mice (immunolocalization studies) at developmental stages indicated in the text. The day of 
plug detection was considered to be day 0.5 dpc. 
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Antibodies and reagents 
Rabbit antisera raised against synthetic peptides corresponding to three different regions of 
the kinase domain of DM-PK (anti-DM/pepl. anti-OM/pep2 and anti-DM/р рЗ) were generated 
and affinity purified as described'. The following mouse monoclonal antibodies were used in 
this study: 1) 2E8, specific for laminin", obtained from the Developmental Studies Hybridoma 
Bank, maintained by the Department of Pharmacology and Molecular Sciences, Johns 
Hopkins University, School of Medicine, Baltimore, MD, USA and the Department of Biology, 
University of Iowa, Iowa City, IA, USA, under contract N01-HD-6-2915 from the NICHD); 2) 
the anti-desmin antibody DER-11, purchased from DAKO A/G, Glostrup, Denmark33; 3) 
Dp1&2-2.16, purchased from Progen Biotechnik GmbH, Heidelberg, Germany, specific for 
desmoplakins 1 and 2 " ; 4) an antibody to connexm43 (purchased from Zymed Laboratories, 
San Fransisco, CA, USA). Tetramethylrhodamme-labeled σ-bungarotoxin (Molecular Probes, 
Eugene, OR, USA) was used for staining of AChRs in NMJs. 
Human skeletal muscle cell cultures 
Satellite cells were isolated from normal and DM skeletal muscle and cultivated essentially as 
described earlier4637. Briefly, fresh biopsy specimens were treated with collagenase and 
trypsin, and filtered through nylon mesh to obtain a single cell suspension. Satellite cells were 
grown in tissue culture dishes (Costar, Cambridge, MA, USA) in a high nutrition medium 
containing 4 % Ultroser G (Gibco BRL, Paisley, UK) or 2 0 % foetal calf serum (FCS, Gibco 
BRL, Paisley, UK) and 2 % chicken embryo extract (CEE, Flow Laboratories, Irvine, UK), while 
differentiation was induced by a tenfold reduction of the amount of Ultrosar G or by 
replacement of FCS and CEE by 0.4% Ultroser G. For immunofluorescence experiments, cells 
at several developmental stages were fixed for 1 mm in methanol/acetone 1:1 at -20°C, air 
dried and frozen at -25°C until use. 
Indirect Immunofluorescence assays 
Frozen tissue sections or cultured cells were air dried and blocked with 1 0 % normal swine 
serum, in phosphate buffered saline, 0 0 5 % Tween-20 (PBST) for 30 mm. In most 
experiments tissue sections were, before blocking, extracted with 0.5% Triton X-100 in PBS 
during 5 mm at room temperature. The cells or tissue sections were incubated with the 
primary antibodies diluted in PBST for 1-16 h at room temperature. After washing in PBST for 
30 mm they were incubated with a mouse monoclonal antibody or, when no double labeling 
was performed, with fluoresceine isothiocyanate (FITC)-conjugated swine anti-rabbit 
immunoglobulins (Dakopatts, Glostrup, Denmark) diluted 1:60 in PBST, 1 % normal swine 
serum. In the case of double labeling experiments, a mixture of this conjugate and Texas Red 
(TXR)-conjugated goat anti-mouse immunoglobulins (Southern Biotechnology Associates, 
Birmingham, AL, USA), diluted 1:75, was used. In order to positively identify NMJs, in some 
experiments tetramethylrhodamme-labeled σ-bungarotoxin (Molecular Probes Inc., Eugene, 
OR, USA), was added to the conjugate in a 1.400 dilution. After washing in PBST (30 mm, 
room temperature) the sections were mounted in Aquamount (BDH Laboratory Supplies, 
Poole, UK) and examined with a Zeiss Axioskop microscope with epifluorescent illumination 
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(Carl Zeiss, Oberkochen, FRG). Photographs ware taken with an automatic camera using 
Kodak TMY black-and-white film. Immunostained tissue samples were also studied with a 
MRC 1000 CSLM (BioRad Laboratories, Richmond, CA, USA), equipped wi th a crypton/argon 
mixed gas laser (Ion Laser Technology, Salt Lake City, UT, USA) wi th t w o separate 
wavelengths for the excitation of FITC (488 nm) and TXR (568 nm) mounted on a Nikon 
Diaphot microscope. When necessary, image processing was performed to upscale the signal 
and to obtain optimal contrast. Photographs were taken from a FVM 102 monitor (Lucius & 
Baer GmbH, Geretsried, FRG) wi th a Nikon F-601M camera, using Kodak color Gold 200 or 
Kodak TMX black-and white film. 
Whole mount RNA In situ hybridization 
The embryos were fixed overnight in 4 % paraformaldehyde in PBS at 4 °C. Whole mount 
RNA in situ hybridization was performed following standard protocols3 8 3*. For hybridization 
the probe DMR-B15, including 2.6 kb of the mouse DM-PK cDNA', cloned into pBS was 
used. Digoxigemn labeled *antisense" and "sense" RNA probes were generated by RNA in 
vitro transcription wi th DIG-UTP using the T7 or T3 promoter and EcoRI or Xhol digestion, 
respectively. Hybridization was performed overnight at 70°C with a solution including 5 0 % 
formamide, 5xSSC, 500/jg/ml. 50 pg/ml heparin, 0 . 1 % Tween 20, and 1-2 //g DIG labelled 
probe RNA per ml. After RNase digestion the embryos were washed to a final concentration 
of 2xSSC at 70°C. Probe detection was done using a preabsorbed anti-DIG-alkaline 
phosphatase antibody and staining with NBT and X-phosphate (manufacturers protocol). The 
embryos were stored in PBT with 1 m M EDTA and analysed using a Zeiss SV8 
stereo-microscope. For detailed analysis the embryos were cryosectioned, counterstained 
with 1 % eosin, and studied using a Zeiss Axiophot microscope Pictures were made using a 
Fujichrome RTP 64 tungsten color reversal fi lm. 
RNA In situ hybridization 
The embryos and other tissue samples were fixed overnight in 4 % paraformaldehyd in PBS at 
4 °C, and were subsequently prepared for cryostat sectioning as described previously4 0 4 1. 10 
μπ\ cryosections were mounted on 3-aminopropyltriethoxysilane coated slides. Both probes 
were labelled with o36S-UTP to a specific activity of > 10* dpm///g. Probe length was reduced 
to 150-200 nucleotides by alkaline hydrolysis (41) The slides were prehybridized at 54°C in 
a solution containing 5 0 % formamide, 10% dextrane sulfate, 0 3 M NaCI, 10 mM Tris, 10 
mM sodium phosphate pH 6.8, 20 mM dithiothreitol, 0.2x Denhardt's reagent, 0 . 1 % Triton 
X-100, 0.1 mg/mi E coli RNA, and "cold" 0.1 mM oS-UTP. For hybridization, 8 0 0 0 0 dpm/μΙ 
o-"S-UTP labelled probe RNA was added to the hybridization-mix, and the hybridization was 
continued at 54°C for 16 h in a humid chamber. The slides were washed in hybridization salt 
solution to which dithiothreitol was added. After RNase A digestion the slides were washed 
for 30 mm at 37°C with 2xSSC, 0 . 1 % SDS and 30 mm with O.lxSSC and dehydrated by 
increasing concentrations of ethanol The slides were coated with llford K5 photoemulsion for 
autoradiography. After 2-3 weeks of exposure at 4 °C, the slides were developed in Kodak 
D I 9 b and stained wi th Giemsa. The sections were analyzed with bright- and dark-field 
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illumination with β Zeiss SV8 stereomicroscope and a Zeiss Axiophot microscope and 
photographed using Agfa-ortho black-and-white fi lm. 
RESULTS 
Expression of DM-PK RNA end protein in cultured normal and DM skeletal muscle cells 
Immunostaining of several differentiational stages of cultured humen skeletal muscle cells 
was used to follow the DM-PK protein in myogenic committed cells and myotubes in culture. 
In this procedure we used the affinity purified rabbit DM-PK peptide antisera reported earlier6. 
Proliferating mononuclear cells, like C2C12 mouse cells (not shown) and human myoblast 
cells in culture displayed a reticular staining pattern, with the highest density of 
immunoreactive material permuclearly (Fig. 1A). This pattern is highly reminiscent of the 
typical immunodistribution of proteins in the endoplasmic reticulum (ER), like laminin and 
other (basement membrane) proteins (Fig. 1F), that are to be translocated to the cell 
membrane". In young myotubes, 2 days after induction of differentiation by withdrawal of 
nutrients from the culture medium, DM-PK was still localized in the sarcoplasmic area 
surrounding clusters of nuclei (Fig. 1B). Upon further differentiation, at stages following the 
migration of nuclei to the periphery of the myotubes and the development of cross-stnations 
of myofibrillar proteins, a more widespread and diffuse distribution of immunoreactive 
material was observed (Fig. 1С). DM-PK expression was also studied in adult and congenital 
DM skeletal muscle cell cultures. The localization of DM-PK in both, adult and congenital DM 
(Fig. 1D.E) was not altered when compared to normal muscle cells (Fig. 1A,B). Northern blot 
analysis (not shown) confirmed that DM-PK mRNA was expressed in myogenic committed 
cells. 
Distribution of DM-PK mRNA during mouse embryogenesls 
To monitor the expression of DM-PK mRNA during early mouse embryogenesis whole mount 
RNA in situ hybridization was performed. At 10.5 days post conceptionem (dpc) DM-PK RNA 
shows a symmetric segmental expression pattern at both sites along the rostrocaudal axis of 
the neural tube (Fig. 2A,B). At this early developmental stage most of the cells found in the 
somites originate from the mesoderm. The DM-PK expression within the somites is restricted 
to the myotome that consists of only few cells medial from the dermatome (Fig. 2D,E). No 
expression was visible in the limb buds or any other tissue of the early embryo (Fig 2B). The 
sense control hybridization revealed no specific hybridization signals (Fig. 2C). 
For the analysis of RNA expression of DM-PK at later stages of development, we used in 
situ hybridization on whole body sections of mouse embryos. During development of the 
mouse DM-PK becomes expressed at all sites where muscle tissue is present In midgestation 
mouse embryos (14.5 dpc) expression of DM-PK is visible within all smooth and striated 
muscle cells, e.g of the gut (Fig. 3A,B), tongue, oesophagus, diaphragm and intercostal 
muscles (Fig. 3H,I). In the late (18.5 dpc) embryo (Fig. 2F,G), DM-PK is expressed at high 
levels in smooth muscle cells of the stomach (Fig. 3C,D), gut and bladder, but also in striated 
muscle cells of the tongue, vibrissas (Fig. 3J,K), oesophagus, and intercostal musclas At this 
developmental stage, the expression of DM-PK mRNA in the cardiomyocytes, that was very 
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low in younger embryos, has become more prominent. No expression is observed in other 
tissues, e.g. the liver or kidney. 
Figure V Immunolocalization of DM-protein kinase in cultured, normal and DM skeletal muscle cells. 
Shown are cultured cells isolated from normal IA,B,C,F) and DM (D,E) skeletal muscle stained with 
anti-DM/pep1 (Α-E) or the anti laminin monoclonal antibody IF). The DM-PK distribution pattern in 
proliferating myoblasts is reticular IA,D| and comparable to that of laminin (F). In young myotubes 
(B,E) DM-PK is concentrated in perinuclear areas, while in well differentiated myotubes (C) DM-PK 
distribution is more widespread. Note that DM-PK localization in DM muscle cells is comparable to 
normal muscle cells. Bar = 50 μπ\. 
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Developmental changes In the Intracellular distribution of DM-PK protein In skeletal muscle 
DM-PK protein distribution patterns were studied in cryosections of embryonic, neonatal and 
adult mouse skeletal muscle. In 12.5 dpc embryos patches of DM-PK staining were found in 
the myotome sections of somites, identified by co-staining with anti-desmin (not shown). A 
strong overall staining of developing fibres in e g. intercostal (Fig. 3L), and extraocular 
muscles (Fig. 3N) as well as muscle fibres of the vibnssae (Fig. 3M) and the tongue (Fig. 30) 
was observed at 14.5, 16.5 as well as 19.5 dpc (Fig. 3L-0). In neonatal muscle, t w o days 
after birth, maturated fibres only showed weak DM-PK staining, mostly concentrated near the 
sarcolemma. Several co-existing smaller-sized fibres, however, were brightly labeled by the 
DM-PK antisera (Fig 2P). These fibres most probably represent secondary fibres that are 
present in mouse muscle at this developmental stage. Upon further maturation these fibres 
are no longer observed, and in adult muscle labeling was found to be mainly concentrated in 
NMJs and MTJs, accompanied by a weak peripheral staining of the muscle fibres and a weak 
sarcoplasmic staining of type I fibres9. 
DM-PK co-localizes with AChRs and laminln but not with desmin at NMJs 
Sections of rat diaphragm were double stained with a-DM/pep1 and rhodamine-labeled 
o-bungarotoxm or monoclonal antibodies to laminin or desmin. The localization of DM-PK with 
respect to the position of junctional basement membrane elements, acetylcholine receptors 
(AChRs) in the postsynaptic membrane, and the intermediate filament network associated 
with the throughs of the junctional folds of NMJs 1 7, was also studied by confocal scanning 
laser microscopy (CSLM). DM-PK immunoreactivity completely overlapped that of laminin (not 
shown), and α-BT staining (Fig 4H), while desmin obviously was localized deeper in the 
interior of the muscle fibre when compared to AChRs (Fig. 4G) To examine the effect of 
experimental denervation on the subcellular localization of DM-PK, soleus muscles of rats 
were denervated by cutting the tibial nerve. After 12 days, DM-PK distribution was compared 
to that in untreated muscle. In denervated muscle no obvious increase in DM-PK expression 
was observed, and expression levels at the sites of NMJs remained high, while no changes in 
extrajunctional expression of DM-PK were observed (not shown). 
DM-PK protein distribution In cardiac and smooth muscle 
Involvement of cardiac end smooth muscle in the clinical manifestation of DM has been 
reported by several authors. Therefore we analysed sections of human and mouse cardiac 
muscle and mouse intestinal smooth muscle with the DM-PK antisera Like in skeletal muscle, 
the DM-PK protein distribution underwent developmentally regulated changes. In rodent (Fig. 
4 A,B) as well as in human (Fig. 4E,F) adult cardiac tissue, the DM-PK antisera exclusively 
stained intercalated discs (ICDs). Instead, in preterm human cardiac muscle DM-PK was not 
yet clearly organized in ICDs and a typical punctate labeling was observed. CSLM-analysis of 
sections that were double-stained with anti-DM-PK and antibodies to connexin43 or 
desmoplakins revealed that DM-PK is more closely associated with desmoplakin than with 
connexin43 in the developmental stages that proceed the assembly of ICDs (Fig. 4C,D). In 
mature ICDs, however, this association is lost and DM-PK protein is detected in a fine-
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punctate distribution pattern surrounding ICOs (Fig. 4E,F). In these structures, the DM-PK 
localization seemed independent from desmosomes (Fig. 4E) as well as gap junctions (Fig. 
4F). Again, no overt differences in DM-PK localization were observed when comparing 
age-matched normal and DM tissues (not shown). 
In adult mouse intestines (Fig. 3E) end stomach sections (Fig. 3F), the anti-DM-PK sere 
prominently stained the muscular coat and smooth muscle cells of blood vessels. Higher 
magnifications revealed that structures appearing as dense plaques end ring-like structures 
surrounding nuclei were stained by the anti-DM-PK antisera (Fig. 3G). 
DISCUSSION 
Our findings demonstrate that expression of DM-PK mRNA and protein during mouse 
embryogenesis is strictly confined to skeletal, cardiac and smooth muscle tissues. 
Postnatally, during growth and in the adult stages we elso monitored a very low and 
regionally confined expression in e.g. cerebellum and hippocampus of the central nervous 
system" (not further discussed in this manuscript). Otherwise, the distribution of DM-PK 
expression was similar to the situation seen in the late embryo (18.5 dpc. Fig. 2F,G). Our 
results help explain the expression-distribution data from Northern blot analysis on RNA 
preparations of whole tissues'4. For example in tissues like stomach, colon and bladder DM-
PK mRNA and protein localization was restricted to the smooth muscle coating of these 
organs (Fig 3A-F). Likewise, expression in gonadal tissue was restricted to the smooth 
muscle cells of the oviduct and of the ductus deferens (not shown). Low DM-PK expression 
levels in most other tissues may be explained by DM-PK expression in smooth muscle cells of 
blood vessels. 
Our studies on cultured myogenic cell lines and myotomes in early embryos convincingly 
demonstrate that there is a significant expression of DM-PK during the earliest phases of 
myogenic lineage specification. In proliferating satellite cells DM-PK showed a reticular 
distribution similar to that of ER proteins'" and of laminin, a basement membrane component 
that is transported to the sarcolemma via the ER. DM-PK localization changed conspicuously 
following fusion of the satellite cells and further differentiation of myotubes, and remained 
Figur· 2. DM-PK Is expressed In the early myotome. Whole 10.5 dpc mouse embryos were hybridized 
with a digoxigenin labelled DM-PK antisense (A,B) and sense (C) riboprobe. A symmetric segmental 
expression pattern of DM-PK is present at both sites along the rostro-caudal axis of the neural tube 
(A). Higher magnification reveals that this expression is restricted to the midline of the somites (B). No 
expression is visible in the limb buds (B) or in embryos hybridized with sense riboprobe 1С). 
Parasagittal (D) and transversal (E) sections through these embryos showed that the expression of 
DM-PK is restricted to the myotome of the somites. In F and G bright field (F) and dark field (G) 
images of parasagittal sections through an 18.5 dpc mouse embryo hybridized with a DM-PK 
antisense riboprobe are depicted. In late embryogenesis DM-PK expression is visible in the striated 
muscles of the vibrissae, tongue, oesophagus, and all skeletal muscles, for example of the tail. A high 
level of expression is also visible in the heart, and smooth muscles of the bladder, gut, and stomach, 
while no expression is found in non-muscle tissues, for example, the liver, kidney, and brain (F,G). de 
= dermatome; ec = ectoderm; lb = limb buds; ms = mesoderm; my = myotome; sc = spinal cord; 
so = somites (highlighted by arrows in A,B); bl = bladder; g = gut; he = heart; ki = kidney; li = 
liver; oe = oesophagus; st = stomach; ta = tail; te = telencephalon; to = tongue; ν = vibrissae. 
Bar: A,F,G = 1 mm; B,C = 10G>m; D,E = 10>m. 
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Figur« 3. Localization of DM PK mRNA and protein In smooth (Α-G; above) and striated (Η-P; next 
page) muscle tissues during mouse development. Bright field (A,C,H,J) and dark field |B,D,I,K) in situ 
hybridization images of sections through 14.5 dpc gut (A,B) and intercostal skeletal muscle (H,l) show 
that DM PK mRNA is expressed in both smooth and skeletal muscle tissues. In CD,J,К the DM-PK 
expression pattern is depicted in the smooth muscle coating of the stomach (CD) and skeletal muscle 
cells of the vibrissae (J,K) at 18.5 dpc. Immunolocalization of DM-protein kinase during development 
is depicted in L-P. In 14.5 II,N) and 19.5 (M,0) dpc embryos the fibres of intercostal skeletal muscle 
II I, striated muscle of the vibrissae IM), extraocular muscles IN) and the tongue (0), are stained 
homogeneously with anti DM/pep2 |M) and anti-DM/pep3 (L,N,0). Note that the staining patterns in L 
and M exactly match the distribution patterns of DM-PK mRNA in H,l and J,К respectively. In skeletal 
muscle derived from a mouse two days after birth, only immature secondary fibres (arrows) are 
stained homogeneously, while mature fibres show a weak peripheral staining pattern. Staining with 
anti-DM/pep1 reveals that in the adult mouse gut (E) and stomach (F,G), DM-PK is localized in the 
smooth muscle coating and in smooth muscle cells of blood vessels (F). Note the non-homogeneous 
DM-PK distribution pattern in G. Bar = 17 μπι (G), 25 μπι (F), 55 //m (Ρ), 110 μνη (Ol, 165 μπ\ (M), 
200//m (Ε,ΝΙ, 235 μπ\ (Α,Β, H-K), 310 μπ) (L), 500 μπ\ (CD). 
comparable to the distribution of ER-associated proteins'". DM-PK redistribution, from an 
overall fibre staining to a more peripheral staining close to the sarcolemma, was also seen in 
vivo. We have shown previously that in terminally differentiated cultured rat myotubes, that 
were shown to be associated with a basement membrane with synaptic specializations'", 
DM-PK was co-localized with clusters of AChRs". In cultured human myotubes, however, 
association of DM-PK with the sarcolemma was never observed (Fig. 1A-E). This may be due 
to the less advanced maturity of human myotubes that is attained under our experimental 
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conditions. In vivo the DM-PK protein is highly clustered at NMJs and MTJs in adult skeletal 
muscles", and at ICDs in the adult heart (Fig. 4). DM-PK was not found to be co-localized 
with AChRs in developing mouse skeletal muscle before birth. In contrast, in human embryos 
DM-PK was localized in NMJs at 28 weeks of gestation. In rodents junctional folds develop 
postnatally'9, while in human the first folds can already be seen at a developmental age of 16 
weeks20. These results indicate that the timepoint of clustering of DM-PK is probably related 
to the formation of junctional folds and the associated changes in the cytoarchitecture of the 
fibre. 
Developmentally regulated localization of DM-PK was also observed in the heart. The 
punctate pattern seen in the human heart at 28 weeks gestation, probably represents spots 
of intercellular contact sites. It has been shown that gap junctions, adherens junctions and 
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Figure 4. Distribution of DM-protein kinase in specialized membrane regions of cardiac and skeletal 
muscle. Shown are 6 ¿im cryostat sections of adult mouse heart (A,B), 28 week gestational human 
heart (C,D), adult human heart (E,F) and adult rat diaphragm (G,H) stained with anti-DM/pep2 (A,B); 
anti-DM/pep2 (green) and anti-desmoplakin (red) (CE); anti-DM/pep2 (green) and anti-connexin43 
(red) (0,F); anti-DM/pep1 (green) and a-bungarotoxin (red) (H); or anti-desmin (green) and a-
bungarotoxin (red) (G). In adult cardiac muscle DM-PK is localized in intercalated discs (ICDs) (A) 
where it shows a punctate distribution pattern (B). Proceeding the development of ICDs, in immature 
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desmosomes (marked by connexins, N-cadhenn and desmoplakins respectively) develop 
independent from each other and ere initially detected as non-adherent spots31 ". The 
distribution pattern perpendicular to the muscle cells as seen in adult cardiac muscle, 
indicates their organization in ICDs. Double labeling experiments using our antibodies to 
DM-PK and antibodies to connexin43 and desmoplakin showed that the initially observed 
desmoplakin/DM-PK association is lost during the assembly of ICDs. 
At present we do not know whether this phenomenon has any biological significance, and 
there are no obvious clues that could help in further specifying the specialized cellular 
structures in which DM-PK is embedded. Structural protein analysis predict that the 
N-termmal region of DM-PK potentially could function as e signal sequence necessary for 
targeting to the cell surface via the ER and Golgi'. A potential leucine zipper structure may be 
important for dimenzation or association to other proteins. A similar motif is for example 
found in the 43 к Da protein which has a role in AChR clustering24 25. There are several 
additional motifs in the DM-PK protein that may be of functional importance These include (0 
two closely spaced LRE tnpeptide motifs in the human DM-PK, shown to be present in 
several NMJ-specific basement membrane proteins and to be involved in specifying 
adherence of motor neuron-like cells to substrates2627, (n) the coiled-coil region, with 
homology to myosin heavy chain6, which may play a role in anchoring the protein to 
filamentous proteins in specialized cell-cortical regions such as NMJs, MTJs or ICDs, and (in) 
the hydrophobic tail piece that may serve as membrane anchor. These features might play a 
role in the demonstrated allocation of the DM-PK protein to specialized structures of the 
membrane-cortex interface upon completion of muscle cell differentiation, the association of 
DM-PK with other proteins, and/or the functioning of DM-PK in these structures 
One entirely different explanation, namely that DM-PK is a permanent component of 
specialized segments in the changing ER-Golgi network, should therefore be given equally 
serious consideration at the moment. Indeed, we have preliminary evidence from COS-1 cell 
transfection experiments that the nature of the C-terminus of the DM-PK protein, which 
undergoes alternative splicing, may be a determining factor in the routing of the protein to 
either the ER or the cis-trans Golgi network (Groenen et al , unpublished). Modification of 
protein transport, and hence regulation of cellular localization regulated by alternative splicing 
has been shown to occur before2 8 2 9. Further support for this possibility is given by our 
observation that in cultured skeletal muscle cells ER-like structures are stained by our DM-PK 
antibodies (Fig. ΙΑ-D) and stomach smooth muscle cells in vivo display a pennuclear/dense 
plaque-like staining pattern (Fig 3G). This leaves open the intriguing possibility that the 
observed DM-PK redistribution during myogenesis is regulated via organelle redistribution. 
Organelles undergo substantial changes during muscle differentiation'6. For example there is 
cardiac muscle, DM-PK spots (green) are always found in close association with desmoplakin (red) (C), 
but not with connexm43 (red) (D) In ICDs of mature human heart, DM-PK (green) does not co-localize 
with desmoplakin (red) (E) or connexm43 (red) (F). In rat neuromuscular junctions DM-PK (green) 
precisely co-localizes with acetylcholine receptors (red) (H), in the crests of the postsynaptic folds, 
resulting in a yellow fluorescence o-Bungarotoxin (red) is clearly not co-distributed with desmin 
(green) (G) Bar = 10 μπ\ (В F), 30 μπι (A), 50 μπ\ (G) or 75 μπ\ (Η) 
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an exclusion of ER from the central part of the fibre occupied by myofibrils end clustering of 
organelles (including "fundamental nuclei" with associated perinuclear Golgi and specialized 
regions of the ER) occurs at a very small area at or near NMJs". In addition, effects of 
clustering may become more pronounced as nuclei within different spatial domains of a single 
fibre may adapt distinct patterns of protein biosynthesis30. Specific distribution of organelles 
may also occur in other types of muscle cells. Recent studies of three-dimensional 
distribution of proteins suggest that dense plaque or caveolar domain specializations in the 
plasma membrane, rich in the Na+/Ca2+ exchanger and Na*/K+ pumps, co-distribute with 
calsequestrin-rich ER-derived structures (intracellular Ca2* stores) in mature smooth muscle 
cells31. Taken together, these phenomena may indeed explain the DM-PK location in cultured 
myoblasts and smooth muscle cells in vivo, as well as the redistribution seen during 
maturation of skeletal muscle and heart muscle. 
In conclusion, our in situ hybridization and immunohistological findings are in complete 
agreement and demonstrate that DM-PK is already expressed during early phases of 
myogenic lineage specification in both, striated as well as smooth muscle cells. Furthermore, 
it was shown that DM-PK is reallocated during the process of myogenesis. In order to 
understand the biological significance of our observations, and to identify the common 
cytoarchitectural components of muscle cells that might be involved in the pathology of DM, 
future experiments should be focussed on double-labeling studies with antibodies against 
ER/Golgi vesicles, molecules involved in ion-homeostasis therein, or structural components of 
dense plaques and other specialized membrane structures. 
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CHAPTER 10 
Summary/Samenvatting 

Summary 
Normal muscle function is highly dependent on the correct assembly of myofibrils and their 
sarcomeres, that consist of various structural proteins. These proteins are ordered in a unique 
fashion, enabling actin and myosin filaments to interact and slide along each other in such a 
way, that myofibrils can contract and develop force. Numerous protein/protein interactions 
are involved in myofibrillar contraction, in transmission of force to the muscle tendon and the 
connective tissue between the muscle fibres, as well as in transmission of neural signals to 
the muscle fibres. These aspects of muscle fibre organization are briefly summarized in 
chapter 1 of this thesis. 
In the next two chapters, expression and distribution patterns of several structural muscle 
proteins are described in patients suffering from a congenital myopathy (CM). CMs are 
characterized by the occurrence of distinct pathomorphological abnormalities in skeletal 
muscles. In a patient suffering from centronuclear myopathy (CNM) It Is described that the 
characteristic central localization of nuclei in the skeletal muscle fibres, was only found well 
after infancy and after the development of muscular weakness. This observation provides 
evidence for the supposition that the pathomorphological expression of CNM is due to a 
secondary process of centralization of the nuclei and not associated with an initial failure of 
nuclei to migrate (or to be migrated) to the periphery of the fibres. Abnormalities in the 
expression patterns of desmin, vimentin, laminin and collagen type IV point to a possible role 
of intermediate filament proteins (IFPs) or basal lamina (BL) constituents in the pathogenesis 
of at least the childhood onset form of CNM. 
In chapter 3 the analysis of the role of IFPs and BL constituents is extended to other CM 
such as central core disease (CCD), nemalme (rod) myopathy (NM) and X-lmked myotubular 
myopathy (XLMTM). Furthermore, in this investigation also sarcomeric and reticular layer 
proteins were studied. Desmin patterns are disturbed in all examined cases of CM in a fashion 
characteristic for each type of CM. Other observations indicate an association between the 
expression of extracellular matrix proteins and the pathogenesis of CM. The vimentin and 
embryonic myosin expression patterns in XLMTM patients of varying age is indicative for a 
postnatal maturation of the underdeveloped XLMTM muscle fibres. Alternatively, the 
time-point of maturational arrest may be variable in individual patients. 
Skeletal muscle biopsies provide data on a fixed timepomt only during a dynamic process 
Making an attempt to create the possibility to investigate skeletal muscle fibres during 
developmental maturation, cultures of human skeletal muscle cells were tested for their 
appropriateness as a tool to study myofibrillogenesis (chapter 4). Using immunofluorescence 
and immunoblotting assays it was shown that in vivo myofibrillogenesis is mimicked in vitro. 
All developmental stages, as indicated by punctate, filamentous, and cross-striated titin 
staining patterns were observed in our skeletal muscle cell cultures. Furthermore, the 
observation that aftgr differentiation in vitro, desmin is localized in a cross-striated pattern, 
indicates a very high degree of maturation of these cultured muscle cells 
This culture system was used to study the role of titin in human myofibrillogenesis (chapter 
5). At the light microscopical level, the first association of Min aggregates was found to 
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occur with stress-fibre like structures (SFLS) containing sarcomenc o-actin and σ-actinin, but 
no other myofibrillar proteins, such as sarcomenc myosin or nebulin. By electron microscopy 
it was shown that aggregated titin molecules are the counterparts of the titin spots observed 
in the light microscope Prior to their association with SFLS, these aggregates were found 
associated with IFs The conclusions from this study were that ι) aggregated titin molecules 
are translocated to SFLS by IFs, и) the initial event of sarcomere formation is the association 
of titin molecules with σ-actin and o-actmin containing SFLS, in) myosin and especially 
nebulin are incorporated in nascent myofibrils after unwinding of SFLS-associated titin 
molecules 
Myofibrillogenesis was also studied in cultured skeletal muscle cells derived from the 
myopathic mouse strain ReJ 129 dy/dy, in the past frequently considered a animal model for 
Duchenne muscular dystrophy, and from biopsy material derived from a patient with XLMTM 
(chapters 6 and 7, respectively) 
When compared to normal (ReJ 129 Dy/Dy or ReJ 129 Dy/dy) muscle cultures no distinct 
morphologic differences were observed in ReJ 129 dy/dy cultures Expression patterns of 
desmin, myosin, nebulin, tropomyosin and F-actin were similar in myopathic and normal 
differentiating myotubes, indicating that this aspect of muscle fibre maturation is normal in 
dy/dy mice 
In chapter 7 we investigated whether or not the persistance of high levels of vimentin and 
desmin in skeletal muele fibres of XLMTM patients is reproduced in vitro In accordance with 
the literature, desmin and vimentin levels were considerably increased in the muscle fibres of 
a new case of an already well documented XLMTM family The morphology of cultured 
XLMTM myotubes was, apart from the presence of large nucleoli, not different from the 
muscle cells derived from an age matched control patient. Titin expression patterns were 
similar in both cultures, showing that myofibrillogenesis was normal Unlike muscle fibres in 
vivo, cultured XLMTM myotubes did not show a persistant expression of vimentin, indicating 
that an abnormal IFP-expression is not an intrinsic property of XLMTM muscle fibres A 
defective, external (possibly neural) factor might be the cause of the failure to correctly 
regulate IFP-expression in this disease 
In chapter 8 studies on the protein product of the gene that contains an unstable [CTGJn 
DNA repeat that, when expanded, leads to the clinical manifestation of myotonic dystrophy 
(DM), are described Antisera raised to this myotonic dystrophy protein kinase (DM-PK), were 
used to demonstrate that the kinase is localized in neuromuscular and myotendinous 
junctions in control as well as DM skeletal muscles In cardiac and smooth muscles DM PK 
was found to be localized in intercalated discs (ICDs) and structures appearing as dense 
plaques, respectively These localization patterns indicated that DM-PK plays a role in the 
assembly or maintenance of intercellular contact sites or in signal mediation DM-PK resisted 
extraction with non-ionic detergents, indicating that it is associated with structural proteins 
or that it is a structural protein itself . 
Investigations on the expression and distribution patterns of DM PK during muscle 
development at the mRNA and protein level using in situ hybridization and 
immunolocalization, respectively, are described in chapter 9 It was demonstrated that DM-PK 
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mRNA and protein is expressed et very early stages of the myogenic lineage, especially in 
skeletal and smooth muscle cells, while expression in the heart occurs slightly later. Also the 
localization of DM-PK is developmental^ regulated. While it is localized within the sarcoplasm 
in immature skeletal muscle cells in vivo as well as in vitro, in adult muscle the kinase is 
predominantly found in NMJs and MTJs. In cardiac muscle an unorganized punctate DM-PK 
distribution precedes its organization in ICDs. These findings might help to explain the 
functions of DM-PK during muscle development and in adult muscle. 
In summary, it can be stated that analysis of the expression and distribution patterns of 
structural elements in skeletal muscle are of great value for the discrimination of distinct 
stages in the development of normal and diseased muscle. Cultures of skeletal muscle cells 
and modern immunohistological approaches represent the tools of choice in the studies of 
these dynamic processes. 
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Samenvatting 
Spieren bestaan voor het grootste deel uit structurele eiwitten. Willen spieren goed kunnen 
functioneren, dan dienen deze eiwitten op een correcte manier gebundeld te worden in 
contractiele eenheden, de zogenaamde sarcomeren. Sarcomeren zijn op hun beurt weer 
aaneengeschakeld tot draadvormige myofibrillar!. Door de unieke rangschikking van de 
eiwitten wordt het mogelijk dat actine en myosins filamenten langs elkaar schuiven. Hierdoor 
kunnen deze myofibrillen samentrekken en kracht ontwikkelen. Interacties tussen een groot 
aantal eiwitten spelen niet alleen hierbij een belangrijke rol, maar ook bij de krachtsoverdracht 
via het bindweefsel naar de pees en bij de transmissie van zenuwimpulsen naar de spiervezel. 
Dit alles heeft een specifieke organisatie van spiercellen tot gevolg, die kort wordt 
samengevat in hoofdstuk 1 van dit proefschrift. 
In de volgende twee hoofdstukken worden de expressie- en distributie-patronen beschreven 
van een aantal structurele spiereiwitten in patiënten die lijden aan óén van de congenitale 
spierziekten (CM). De spiervezels van deze patiënten vertonen karakteristieke 
histopathologische afwijkingen. In de spieren van patiënten lijdend aan centronucleaire 
myopathie (CNM) bijvoorbeeld, liggen da kernen niet aan de rand, maar in het midden van de 
spiervezels. In hoofdstuk 1 wordt beschreven dat in één van onze CNM patiënten de 
abnormale localisata van celkernen pas na de kleutertijd en de ontwikkeling van spierzwakte 
te zien was. Deze waarneming ondersteunt de hypothese dat de abnormale morfologie van de 
spiervezels het resultaat is van het verschuiven van perifeer gelegen kernen naar het centrum 
van de vezels. De mogelijkheid dat een defect in de migratie van de embryonale, centrale 
kernen naar de periferie de oorzaak kan zijn, werd hiermee uitgesloten. In deze patiënt werden 
ook afwijkingen in het expressie-patroon van desmine, vimentine, laminine en collageen type 
IV gevonden. Deze waarneming geeft aan dat intermediaire filament-proteïnen (IFPs) of lamina 
basalis (BL) componenten bij de juveniele vorm van CNM mogelijk een rol spelen bij de 
ontwikkeling van het ziektebeeld. 
In hoofdstuk 3 wordt een uitgebreide studie naar de rol van IFPs en BL componenten bij 
andere CM, zoals central core disease (CCD), nemaline (rod) myopathie (NM) an X-gebonden 
myotubulaire myopathie (XLMTM) beschreven. Tijdens dit onderzoek werden tevens de 
distributie-patronen van diverse componenten van het sarcomeer en de lamina reticularis 
bestudeerd. In alle gevallen werden verstoorde desmine-patronen gevonden, die karakteristiek 
waren voor elk type CM. Tevens werden aanwijzingen verkregen voor een correlatie tussen 
da mate van expressie van extracellulaire matrix-eiwitten en de Pathogenese van CM. De 
aanwezigheid van vimentine en embryonaal myosine werd vaker aangetoond in de 
onderontwikkelde spiervezels van zeer jonge XLMTM patiënten dan in dia van oudere 
patiënten. Hieruit kan geconcludeerd worden dat de maturatie van deze spiervezels geremd 
wordt, maar niet volledig gestopt is. Het zou echter ook zo kunnen zijn dat het tijdstip waarop 
de spiervezelontwikkeling stopt, of de mate waarin deze geremd wordt, varieert per patiënt. 
Een spierbiopt toont slechts een momentopname van een dynamisch proces. Het was 
bekend dat de differentiatie van gekweekte dierlijke en humane skeletspiercellen in vele 
opzichten vergelijkbaar is met hun ontwikkeling in vivo. Met behulp van immunofluorescentie 
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en immunoblotting technieken werd onderzocht of de myofibrillogenese in gekweekte humane 
cellen ook identiek verloopt. Hierbij werd dankbaar gebruik gemaakt van de wetenschap dat 
in andere organismen de distributie patronen van titine karakteristiek bleken voor de diverse 
ontwikkelingsstadia. In hoofdstuk 4 wordt beschreven dat titine in differentiërende 
gekweekte humane spiercellen inderdaad gevonden werd in deze patronen: aggregaten, 
filamenten en dwarsgestreepte myofibrillen. De waarneming dat ook desmine geloceliseerd 
was in een dwarsgestreept patroon, bevestigde dat de cellen een hoge mate van maturane 
bereikt hadden. 
Dit kweeksysteem werd gebruikt om de rol van titine bij de myofibrillogenese te bestuderen 
(hoofdstuk 5). Lichtmicroscopisch hebben we waargenomen dat titine aggregaten in eerste 
instantie binden aan "stress fibre achtige structuren" (SFLS), die in dit stadium uit σ-actine en 
o-actinine maar niet uit andere myofibrillaire eiwitten zoals myosine en nebuline bestaan. Met 
de electronenmicroscoop waren we in staat de tegenhangers van de lichtmicroscopisch 
waargenomen fluorescerende puntjes te identificeren als aggregaten van titine moleculen. 
Vóór de associatie van deze aggregaten met SFLS, bleken ZIJ gebonden te zijn aan 
intermediaire filamenten (IFs). Geconcludeerd werd dat 1) IFs een rol spelen bij het transport 
van titine aggregaten naar SFLS; 2) de assemblage van het sarcomeer aanvangt met de 
binding van titine moleculen aan SFLS, die uit onder meer σ-actine en σ-actinine bestaan, 
3) myosine en vooral nebuline pas opgenomen worden in zich ontwikkelende myofibrillen, 
nadat de aan SFLS gebonden titine moleculen zich gestrekt hebben. 
De myofibrillogenese werd ook bestudeerd in gekweekte spiercellen, van een muizenstam 
met een spierziekte (ReJ 129 dy/dy. lange tijd beschouwd als een diermodel voor de ziekte 
van Duchenne) en van een spierbiopt van een patiënt met XLMTM (respectievelijk hoofdstuk 
6 en 7). 
Vergeleken met normale (ReJ 129 Dy/Dy of ReJ 129 Dy/dy) spierkweken, werden in ReJ 
129 dy/dy kweken geen morfologische verschillen waargenomen. Expressie-patronen van 
desmine, myosine, nebuline, tropomyosine en F-actine waren met afwijkend in zich 
ontwikkelende "zieke" spiercellen, waarmee aangetoond werd dat dit aspect van de 
spiervezelontwikkeling normaal verloopt in dy/dy muizen. 
In hoofdstuk 7 is bestudeerd of de abnormaal grote hoeveelheden van de IFPs desmine en 
vimentme in spiervezels van XLMTM-patienten ook aanwezig zijn in gekweekte spiercellen. 
Met uitzondering van grotere nucleoli, verschilde de morfologie van de gekweekte 
XLMTM-myotubes niet van die van normale myotubes. Ook de expressie-patronen van titine 
waren met afwijkend, zodat de conclusie was dat de myofibrillogenese normaal verloopt. 
Anders dan de spiervezels in het biopt, bleken gekweekte XLMTM-myotubes geen abnormale 
hoeveelheden IFPs te bevatten. Hiermee werd aangetoond dat de verstoorde regulatie van de 
IFP-expressie in XLMTM waarschijnlijk niet berust op een intrinsiek defect in de spiervezels, 
maar dat de oorzaak hiervan gezocht moet worden in een defect in een externe (mogelijk 
neurale) factor. 
In hoofdstuk 8 worden de studies beschreven naar het eiwit-product van het gen dat een 
instabiele ICTGln DNA repeat bevat, die indien in lengte toegenomen, leidt tot de klinische 
manifestatie van myotone dystrofie (DM). Met antisera opgewekt tegen dit myotone dystrofie 
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proteïne kinase (DM-PK), werd aangetoond dat in zowel normale als OM skeletspieren het 
kinase gelocaliseerd is in de motorische eindplaat (neuromusculaire overgang, NMJ) en de 
overgang tussen de spier en de pees (myotendineuze overgang, MTJ). In hartspiercellen en 
gladde spiercellen werd DM-PK gevonden in respectievelijk intercalaire schijven (ICDs) en 
dense plaque-achtige structuren. Deze distributie-patronen duidden aan dat DM-PK mogelijk 
een rol speelt bij de assemblage of de versteviging van contactplaatsen tussen individuele 
cellen, of bij de intercellulaire overdracht van signalen. DM-PK bleek resistent tegen extractie 
met een detergens als Triton X-100. Dit wijst erop dat DM-PK een structureel eiwit is, of dat 
het geassocieerd is met structurele eiwitten. 
Een analyse van de expressie en distributie-patronen van DM-PK tijdens de ontwikkeling 
van spierweefsels op het mRNA- en eiwit-niveau, wordt beschreven in hoofdstuk 9. Met 
behulp van in situ hybridisatie en immunolocalisatie. hebben we aangetoond dat DM-PK 
mRNA en eiwit aanwezig zijn tijdens de jongste stadia van de spierontwikkeling, zowel in 
dwarsgestreepte als ook in gladde spiercellen. Nochthans werd de vroegste expressie in het 
hart wat later In de ontwikkeling gedetecteerd. Ook de locallsatle van DM-PK bleek 
afhankelijk van het ontwikkelingsstadium. Terwijl het kinase in onrijpe skeletspiercellen (zowel 
in vivo als in vitro) gelocaliseerd is in het sarcoplasma, wordt het later tijdens de ontwikkeling 
voornamelijk aangetroffen in NMJs en MTJs. Voordat DM-PK zich concentreert in de ICDs 
van de hartspiercellen, wordt het gevonden in in kleine losliggende aggregaten. Deze 
bevindingen kunnen mogelijk een bijdrage leveren aan een beter inzicht in de functies van 
DM-PK tijdens de spierontwikkeling en in volwassen spierweefsel. 
Samengevat kan geconcludeerd worden dat de analyse van de expressie- en distributie-
patronen van structurele componenten van (skelet)spierweefsel van grote waarde is voor het 
herkennen en onderscheiden van verschillende ontwikkelingsstadia tijdens de differentiatie 
van zowel normale als myopathische spiercellen. Om deze dynamische processen te 
bestuderen is het gebruik van een combinatie van moderne immunohistologische technieken 
en skeletspiercelkweken, een uitermate geschikte methode gebleken. 
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